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PREFACE 

This  book  is  essentially  the  product  of  actual  engineering  experience, 
ind  is  mainly  based  on  a.  collection  of  notes  and  formuls  accumulated 
in  some  eighteen  years  of  professional  work,  during  the  major  portion 
of  which  I  was  eng^ed  in  independent  practice.  It  must  therefore 
be  regarded  not  as  a  text-book,  but  rather  as  a  manual  for  engioeers 
in  active  work. 

Although  the  initial  knowledge  assumed  in  the  reader  may  be  con- 
sidered to  be  somewhat  unusual,  many  portions  of  the  book  have 
stood  the  test  of  everyday  ofGce  requirements  in  the  hands  of  draughts- 
men and  assistants ;  and  I  consequently  trust  that  on  the  whole  it  will 
prove  useful  to  all  technically  trained  engineers. 

The  treatment  of  the  theoretical  parts  is  purposely  cursory,  and  may 
even  appear  somewhat  incomplete;  but,  after  considerable  experience 
of  precise  hydraulic  measurements  both  under  field  and  laboratory 
conditions,  I  have  come  to  the  conclusion  that  at  the  present  date 
the  results  obtained  from  well-conducted  observations  are  more  accurate 
than  the  assumptions  made  in  the  most  modem  mathematical  treat- 
ment of  hydraulics.  To  illustrate  my  meaning,  I  need  only  refer  to 
the  errors  introduced  by  the  usual  theoretical  assumption  of  uniform 
velocity,  and  to  the  undoubted  fact  that  no  weir  capable  of  practical 
construction  discha^es  water  according  to  the  law  of  (head)  •■'. 

With  a  view  to  providing  a  bibliography  an  attempt  has  been  made 
to  give  systematic  references  to  original  authorities ;  but  it  is  as  well  to 
mention  that  in  several  cases  the  reference  is  not  to  the  original 
authority,  but  to  some  later  paper  which  contains  a  more  usefiil  presenta- 
tion of  the  subject  In  some  cases,  however,  search  for  the  original 
authority  has  proved  fruitless,  and  I  must  consequently  apologise  to 
all  engineers  who   may   find  their  work   utilised  without  any  definite 
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acknowledgment  on  my  part,  and  can  assure  them  that  such  ( 
has  been  quite  unintentional 

I  must  further  acknowledge  my  general  indebtedness  to  Prof.  W.  C. 
Unwin,  and  the  late  Prof.  Kemot  of  Melbourne  University ;  also  to 
Messrs.  Middleton,  Hunter,  and  Duff. 

For  the  facilities  afforded  by  nearly  every  officer  of  ttie  Punjab 
Irr^tion  Branch,  and  especially  by  my  former  superior  officers,  Messrs. 
Floyd  and  Tickell,  I  am  greatly  indebted. 

For  assistance  in  the  preparation  of  the  book,  and  for  much  helpful 
CTidciam,  I  have  also  to  thank  Messra.  R.  E.  Middleton,  P.  H.  Fish, 
R.  E.  Reeves,  M.  Mawson,  H.  C.  Booth,  and  W.  R.  Pettit,  whose 
special  knowledge  has  iaeen  extremely  useful. 

25  Victoria  Street,  S.W. 
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CHAPTER   1 


PRELIMINARY  DATA 


pKBLIHtHAXy  Data  of  Htdratj  LICS.  — Dciuily  and  weight  of  >  cube  foot  of  pure  water 
— ConvenioD  tablei — Run-fall  Hod  nin-off  figures — Conveiaion  from   metric  inlo 


PRELIMINARY  DATA  OF   HYDRAULICS 

Ik  most  cases  the  figures  required  for  convenion  purposes  are  considered 
and  tabulated  on  the  pages  where  they  are  likely  to  be  wanted.  The  following 
figures  are  used  so  frequently  that  they  are  tabulated  U^etbei  ia  aider  to  save 
reference.  The  column  headed  "  Approximate  Values  "  will  be  fouad  to  indicate 
very  rapid  methods  of  conversion,  which  are  liable  to  but  small  errorsaither 
absolutely  or  in  arithmetical  working. 


Tempeimture  in 

Wei^tofaCube   ' 

D^ieesFahr. 

Decaiy. 

Foot  in  Lb*.        1 

ii-o 

0 

99987 

63'4i6 

$9-$ 

I 

00000 

62-424 

450 

0 

99992 

62419 

50-0 

0 

999  75 

62-40S 

55-0 

0 

99946 

62-390 

6o-o 

0 

99907 

62-366 

650 

0 

99859 

63-336 

700 

0 

99802 

62-300 

7S'o 

99739 

62-261 

80-0 

0 

99669 

63'3I7 

SS-o 

0 

9959" 

62-169 

900 

0 

995^0 

62-118 

100 -0 

0 

99418 

62 '06 1 

1050 

0 

993'8 

61-998 

iio'o    . 

0 

99214 

61-933 

115-0 

99105 

61-865 

iio-o 

0-98870 

61-719 
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Accurate  Values. 

1 

'X-r"  1 

Number. 

Lc«. 

Cube  feet  into  imperial  gallons 

6-24 

o-79Sa 

■tV-V-s 

=5 

Cube  feet  into  U.S.  gaHons 

749 

0-8744 

V-7-S 

Imperial  gallons  into  cube  feet 

01603 

T-2048 

■■A 

U.S.  gallons  into  cube  feet      . 

01336 

1-1256 

fi,+A->- 

in 

U.S.  gallons  into  imperial  gal- 

08333 

1-9208 

lons 

Imperial  gallons  into  U.S.  gal- 

I-200 

0-0792 

» 

lons 

Feet  head  of  water  into  lbs. 

0-434 

1-6375 

per  square  inch 

Lm.  f>er  square  inch  into  feet 

2-304 

0-3625 

head  of  water 

Kilograms  into  pounds  . 

3 '2046 

0-3433 

'  +  tV-''> 

Kilos   per   square  centimetre 

r4-22s 

1-1530 

into  lbs.  per  square  inch 

Kilos    per  square   metre  into 

0-2048 

i-3«i4 

lbs.  per  square  foot 

Lbs.    per    square    inch    into_ 

0-0703 

5-8470 

kilos  per  square  centimetre 

Lbs.    per    square    foot    into 

4-8829 

0-6886 

kilos  per  square  metre 

Lbs.  per  cube  foot  into  kilos 

16-019 

1-1046 

per  cube  metre 

Metres  into  feet.      .         .         . 

32808 

0-5160 

3  +  i  +  T|»-3''*  1 

Square  metres  into  square  feet 

10-764 

1-0320 

■o  +  i  +  J. 

"15 

Cube  metres  into  cube  feet     . 

35  3  fS 

1-5480 

18^+"-3S-333    1 

Inches  into  centimetres 

2'54 

04048 

»+J->'5 

Square    inches    into    square 

6-45 

08096 

«S 

centimetres 

Imperial  gallons  into  litres      . 

4"S44 

0-6575 

*'} 

U.S.  gallons  into  litres    . 

3-785 

0-5780 

3} 

0-3048 

1-4840 

Square  feet  into  square  metres 

0-0929 

5-9680 

Cube  feet  into  cube  metres     . 

001832 

a-45" 

In  actual  practice  the  use  of  systematic  tables  saves  both  time  and  errors. 
The  following  works  are  useful : 

Bellasb'  Hydraulics  wilk  Tables  (Jtivington's),  which  coptains  a  very  com- 
plete set  of  tables  usually  employed  in  Hydraulics.  In  my  opinion  the  book 
also  gives  the  soundest  general  treatment  of  theoretical  questions  that  exists  in 
English. 
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CONVERSION  OF  UNITS       '  3 

Horton's  IVeir  Experimtnti,  CotffidetUs,  and  Formula  (United  States 
Geological  Survey  :  apply  to  the  Superintendent  of  Public  Docnnients,  Wasfa~ 
ingtoD,  D.C.,  U.S.A.)  is  indiapcDsable  for  weir  work,  and  contains  many  otfaer 
very  useful  tables. 

Kennedy's  Graphic  Jfydraulic  Diagrams  (apply  to  Thomason  College, 
Roorkee,  U.P-,  India).  This  volume  is  intended  purely  for  irrigation  purposes. 
If  silty  waters  are  considered  it  is  indispensable. 

EQUIVALENTS  FOR  USE   IN  RAINFALL   AND   RUN-OFF 

CaliulaliBns.—TneK  are  calculated  on  the  usumplion  that  ti  gallons^  I  cube  foot, 

and  36s  days  =  I  year. 

1  inchofrun-offinayear  =o'o735  cusecs  per  square  mile. 

1  inch  of  nin-ofFin  an  hour.  .     =640  cusccs  pec  square  mile. 

=  1  cusec  per  acre. 
I  cusec  per  square  mile  .  =i3'56  inches  yearly  nm-ofF. 

=3fS4  million  cube  feet  yearly. 
I  inch  depth  over  i  square  mile  .  .  =2*32  million  cube  feet  yearly. 
100,000  cube  feet  storage  per  acre  .  -^27-5  inches  depth  on  i  acre. 
100,000  imperial  gallons  per  acre  —A'^  inches  depth  on  I  acre. 

1000  imperial  gallons  per  acre  per  day     =  1608  inches  yearly  run-off. 


The  most  usual  form  for  a  hydraulic  equation  is  one  or  other  of  the  two 
following : 

Q=Citt'-»  or,  Q=AM" 

vC-JTs  •  or,  v=Bf*t^ 

As  a  rule  it  is  necessary  to  transform  from  metric  into  English  units.     Now  : 
Q  is  in  cubic  metres    ....     =(3'28o9)' cubic  feet. 

/  is  in  metres =32809  feet. 

A  is  in  metres =  32809 feet. 

Thus  the  new  value  of  Ci  (say  C,),  or  of  A  (say  A,),  is  given  by  : 

{3-28o9)'Q-C^A'»(3z8o9)'''=A^A"(3"38o9)^« 
Therefore  C,= 'v' 32809^ -rSiiC. 

A,-A(3-28o9)'-"-''. 
So  also,  proceeding  to  the  second  equation, 
vC'^rs 
V  is  in  metres  per  second    .        .     =  3'2So9v  feet  per  second. 
r  is  in  metres      .        .        .        .     =  32809^ feet 
metres    feet 
,,s  a  pure  number       .        .        .     =-^^^^=^^ 

So  that  C,  =  Ci-8i  I.  B,  =  B(3-28o9)>-/. 

The  principles  are  now  clear. 

More  complicated  cases  are  better  treated  by  successive  substitution. 
Let  us  consider  Maxime  Levy's  equation  for  ihe  velocity  of  water  in  metres 
per  second  in  cast-iron  pipes  with  a  radius  of  R  metres.    We  have 
w-ao-S'»'R((i  +  3VR) 


D,=;,lz...,C00g[c 
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Let  lis  transfonn  this  into  English  measure,  and  substitute  r  (the  hydraulic 
mean  radios)  for  R,  i^.  we  obtain  : 

^'tcC^r:t<l+-v^'r)  in  feet,  and  feet  per  second. 
In  metres  r=|=3'|?R  feet 

We  have  consequently  disposed  of  the  factor  i +3  Vr,  and  we  get : 


'*'rj(i+jrVr) 


=^3o-5  =  jo-sx2-s6=5rs. 


Or,  V=S3'S^'r'j(i+2-34Vr)  is  the  equation  in  English  measure. 
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CHAPTER   II 
GENERAL  THEORY  OF  HYDRAULICS 

Definitions.  ^pHBSsu  RE — Gauge   and    Absolute— Head — Velocity  head — Vtacoilty — 

Theoretical  equations  of  h^draolic*. 
VsLociTif.— Definition  of  mean  velocity— Velocity— Practical  meMUiement- Resultant 

velocity — Steady  and  uniform  motion. 
Periodic  Unsteady  Motion. 
Theoretical  Investisatioii. — Mean  local  velocity — Iiregnlarity  of  velocity — Dischai^ 

foimula — Diffeiences  of  [he  local   velocities — Practical  applicationB  to  dJBchwge 

observations. 

HyoKAULic  Calculations. — BemouiUt'a  eqnatkm. 

LoMca  by  Frictioo. — Shock — Cuivc«. 

Practical  E^iuatJon. — Collection  for  influence  of  local  velocities — CoeEEcient  of  local 

diatiibulion — Curve  losses. 
General  Laws  op  Resi^takce  to  thb  Motion  of  Fluids. — Turbulent  motion — 

Stream  line  motion — Distribution  of  velocities  in  a  circular  pipe— Reynold's  critical 

velocities — Resistance  at  velocities  leas  than  the  critical — 'Practical  appUcalions  to 

orifices  and  weirs. 
rapHliiy  Motion  or  PercoUtioii.— Capillary  elevation. 
Pucoktioo  of  Wmter  through  Sand  or  GraveL— General  laws— Effective  size  and 

aniformity  coefficient  of  sand — Haien's  formula — Effect  of  dirt  or  clayey  matter. 
Curve  Resistances.— Practical  rules— Weisbach's  formnlx— Bellaiis'  table. 

UNITS 

THROtJGHOUT  this  book,  unless  otherwise  definitely  stated,  the  units  employed  are  feet, 
pounds,  and  seconds.  Thus  areas  are  measured  in  square  feet,  volumes  m  cube  feet, 
velocities  in  feet  per  second,  etc. 

Pressures,  however,  are  usually  measured  in  feet  of  water,  so  that  a  pressure  of  I  foot 
of  water  corresponds  to  a  pressure  of  62 '5  lbs.  per  square  foot,  or  ^'433  lbs.  per  square 

Since  practical  utility  rather  than  uniformity  is  considered  of  primary  importance. 


the  inch  unit  is  occasion^ly  employed  when  discussing  structures  such  as  pipes,  or  metal 
work,  which  are  bought  and  sold  by  this  unit ;  also  where  the  adoption  of  a  foot  would 
lead  to  very  small  fipures  or  lo  lon^  strings  of  leros.  These  cases  are  invariably 
inlicBted  t>y  the  word  Inch  being  printed  opposite  to  the  formula  in  which  the  symbol 
occurs,  besides  being  defined  in  the  letterpress.  In  the  actual  workine  of  examples  feet 
and  decimals  of  a  foot  are  almost  eiclusively  employed.  This  practice  is  already  adopted 
by  many  hydraulic  engineers,  and  where  quantities  of  water  are  measured  accuracy  can 
hkrdh'  be  attained  if  feet  and  inches  are  employed. 

The  term  Cusec  is  used  as  an  abbreviatton  for  cubic  feet  per  secood.  The  American 
equivalent  is  Second- foot. 

The  term  acre-foot  is  occasionally  used  to  denote  a  volume  of  43,560  cube  feel,  which 
is  obvimily  the  content  of  a  reservoir  1  acre  in  area  and  I  foot  deep. 

It  may  be  noted  that  for  all  practical  purposes :  I  cusec  flowing  for  34  hours 
delivers  2  acre-feet. 

The  actual  figures  are — 86,400  and  §7,1  zo  cubic  feet  respectively. 

Also  I  cabe  foot  per  minute  =  gcioo  imperial  gallons  per  i£iy  of  24  hours,  and  therefore 
I  ciuecs  540,000  gitilons  per  day. 
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6  CONTROL  OF  WATER 

Definitions.— 'Z\m  ordinary  definition  of  a  fluid  is  a  "  substance  which 
yields  continually  to  the  slightest  tangential  stress."  Consequently,  "when  the 
fluid  has  come  to  rest  the  stress  across  any  sur&ce  in  the  fluid  must  be  normal 
to  the  sutface." 

Pre»nre. — In  all  cases  considered  in  this  book  (which  is  exclusively  devoted 
to  the  discussion  of  engineering  practice)  the  above  stress  must  be  a  pressure. 
The  intensity  of  the  pressure  is  measured  by  the  number  of  units  of  force  per 
unit  of  area.  Thus  if  P  be  the  force  in  pounds  acting  on  an  area  of  a,  square 
feet,  the  mean  pressure  over  this  area  is  /„=—  lbs.  per  square  foot,  and,  as  usual 

in  mechanics,  the  pressure  at  a  given  point  is  defined  as  /=Lt— >  when  a 
decreases  to  an  indefinitely  small  area  surrounding  the  point  considered.  The 
pressure  across  any  surface  being  normal  to  the  surface,  it  follows  that  the 
pressure  at  any  point  is  the  same  in  all  directions  about  that  point. 

As  already  stated,  pressures  are  usually  measured  in  feet  of  water.  Thus 
the  pressure  at  a  point  in  a  body  of  water  at  rest,^  feet  below  the  free  surface 
of  the  body  of  water,  is  y  feet  of  water, 

or  62'j>'  lbs.  per  square  foot, 
or  0433^  lbs.  per  square  inch. 

This  is  the  "pressure"  usually  considered  by  engineers,  since  it  is  that 
measured  by  a  pressure  tube  open  to  the  atmosphere,  or  by  a  pressure  gauge, 
and  is  that  which  engineering  structures  are  usually  required  to  sustain.  The 
pressure  of  the  atmosphere,  however,  can  be  measured  by  a  barometer,  and  is 
found  to  vary  from  day  to  day,  and  also  to  depend  upon  the  hdght  above  the 
sea  level.  On  the  average,  however,  the  absolTjte  pressure  of  the  atmosphere 
is  about  21 16'8  lbs.  per  square  foot,  or  31-g  feet  of  water.  Thus,  the  height  of 
the  water  barometer  is  about  33  feet,  and  the  absolute  pressure  at  a  point 
where  the  gauge  pressure  is  y  feet  is  about  ^+33  feet  of  water.  In  certain 
calculations  it  is  found  that  reckoning  the  pressure  in  this  manner  obviates  all 
necessity  for  a  consideration  of  "negative  pressures."  The  term  "absolute 
pressure"  is  then  employed,  and  "gauge  pressure"  signifies  the  pressure  as 
first  defined.  The  term  pressure  when  used  without  qualification  denotes  gauge 
pressure. 

The  term  head  is  frequently  employed  by  engineers,  and  the  following 
discussion  will  show  that  head  is  in  reality  a  generalised  expression  for  the 
energy  due  to  pressure  and  position,  and  its  mechanical  transformations  into 
velocity. 

Head. — The  term  head  was  primarily  used  by  millwrights  in  order  to 
describe  the  differences  in  elevation  between  the  water  surfaces  in  the  head 
and  tiul  races  of  a  mill. 

The  term  as  at  present  used  may  be  best  defined  as  follows  : 

Let  a  vertical  tube  of  a  size  which  will  prevent  any  measurable  capillary 
elevation  be  placed  in  communication  with  a  mass  of  water  in  such  a  manner 
that  the  velocity  of  the  water  does  not  affect  the  height  to  which  the  water  rises 
in  this  tube.  Let  the  free  water  surface  in  this  tube  stand  at  a  height  H  feet 
above  a  fixed  datum  plane.  Then  the  water  at  the  point  where  the  tube  opens 
into  the  mass  of  water  considered  is  said  to  be  under  a  head  H  relative  to  the 
fixed  datum  ^ane.    It  will  be  evident  that  if /g  represent  the  gauge  [ 
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in  feet  of  water  and  s  the  height  of  the  mass  of  water  coDsidered  above  the 
datnm  plane :  .  . 

and,  as  inemaxked  later  on,  we  are  not  concerned  with  the  absolute  magnitude 
of  H,  but  rather  with  the  changes  in  its  absolute  magnitude.  Hence  we  may 
also  say  that : 

where /a  is  the  absolute  pressure  in  feet  of  water,  provided  that  we  adhere  to 
this  notation  throughout  the  whole  investigation. 

In  actual  practice  it  is  found  that  the  orifice  of  the  tube  must  be  somewhat 
carefully  shaped  and  adjusted  relatively  to  the  direction  of  the  velocity  of  the 
water,  in  order  to  prevent  this  velocity  from  having  any  influence  on  the  height 
of  the  water  in  the  tube.  If  the  orifice  is  so  adjusted  as  to  permit  the  velocity 
to  have  its  greatest  possible  effect,  it  witi  be  found  that  the  water  surface  rises 
a  certain  additional  amount,  which  (errors  and  imperfections  in  the  tube  orifice 
being  neglected)  is  equal  to  —  feet,  where  v  is  the  velocity  of  the  water  in  feet 

per  second. 

It  will  therefore  be  evident  that  H  represents  the  portion  of  the  energy  of  a 
unit  mass  of  the  water  considered,  which  depends  on  its  position,  and  that  the 
portion  which  depends  on  its  velocity  is  represented  by  Hr=  — . 

As  a  matter  of  fact,  it  is  well  known  that  the  total  energy  of  a  body  cannot 
be  measured,  and  all  that  engineers  are  really  concerned  with  is  the  measure- 
ment of  the  change  of  energy.  Thus,  if  strict  accuracy  be  desired  the  variation 
of  H  represents  the  variation  of  that  portion  of  the  energy  which  is  due  to 
the  position  and  pressure  of  the  unit  mass  considered,  and  similarly  the  varia- 
tion of  H,  represents  the  variation  of  the  energy  due  to  the  velocity  of  the 

Water  being  a  highly  incompressible  fluid,  and  the  alterations  in  temperature 
which  occur  in  pracdcal  hydraulics  being  small,  we  can  usually  regard  the 
changes  in  its  energy  due  to  compression  and  changes  of  temperature  as 
negligible.  Hence  it  can  be  stated  that  the  whole  energy  of  a  unit  mass  of 
water  relative  to  the  datum  plane  is  represented  by  H+H,.  If  the  matter  is  re- 
garded in  this  manner,  and  the  above  definitions  are  accepted,  we  see  that  H  +  H>, 
is  constant  for  the  mass  of  water  considered,  and  that  Bemouilli's  equation  : 

H+  — =3- 4-A  +  —=a  constant 

follows  at  once.     It  must,  however,  be  understood  that  this  is  no 'proof,  as  the 
definition  of  the  velocity  cannot  be  regarded  as  complete.     Still  less  is  it  a 
proof  of  Bemouilli's  equation  as  applied  to  ^o  unit  masses  of  water,  which  at 
tbe  same  instant  of  time  are  a[  different  points  in  a  stream  of  water  in  motion. 
'    When  dius  applied  we  find  in  practice  that 

For  the  first  point Hi-f~=Aisay 

For  the  second  point     ....    H.H — '-=A,. 
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The  difference  A, -A,  (which  is  positive  if  the  first  point  be  upstream  of 
the  second)  is  defined  as  the  bead  lost  by  friction  or  shock.  The  definition 
must  be  regarded  merely  as  a  statement  of  observational  fact  A  profound 
ignorance  exists  as  to  the  precise  manner  in  which  this  energy  is  dissipated. 
All  that  can  really  be  said  is  that  in  certain  cases  the  lost  ener^  has  been 
accounted  for  by  an  observed  rise  in  the  temperalui 


E  of  the  water.    This  loss 
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Skbtch  No.  I. — Relations  between  Head,  Piesmre,  and  Position,  and  between 
Vebcity  Memd  and  Velocity. 

of  energy  is  believed  to  be  produced  by  the  internal  motion  of  ths  water,  which 
gradually  dies  out,  and  is  tiansformed  into  heat  energy.  In  the  majority  of 
cases  the  observed  rise  of  temperature  does  not  fully  account  for  the  loss  in 
energy.  This  may  be  explained  either  by  imperfections  in  the  experimental 
arrangements,  or  by  the  internal  motions  which  still  exist  but  are  not  observed. 
Viacosi^.-'Tbe  term  Viscosity  is  employed  for  that  properly  of  fluids  in 
virtue  of  which  the  change  in  form  of  the  fluid  under  the  action  of  a  continued 
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stress  proceeds  gradually,  and  is  opposed  by  a  resistance  which  increases  as 
the  relative  velocity  of  adjacent  particles  of  the  fluid  increase.  While  it  is 
probable  that  the  whole  series  of  experimental  coefficients  dtscussedin  this 
book  are  in  reality  caused  by  the  fact  that  water  is  a  viscous  fluid,  ^scosity 
ptr  je  does  not  generally  obtrude  itself  upon  the  notice  of  engineers,  and  is 
dietefbre  discussed  only  in  connection  with  critical  velocities. 

In  treatises  on  Hydraulics  certain  proofs  concerning  such  relations  as  the 
connection  between  the  pressure  at  an  oriSce  and  the  velocity  with  which  water 
flows  through  the  orifice  are  usually  given.  The  mathematical  demonstration 
of  these  proofs  invariably  rests  on  Beroouilli's  equation  (see  p.  13).  As  this 
book  is  largely  concerned  with  a  discussion  of  the  corrections  that  must  in 
practice  be  applied  to  these  theoretical  equations,  I  have  thought  it  best  to 
assume  the  theoretical  equations  and  to  at  once  consider  the  experimental 
corrections.  The  process  has  practical  advantages,  as  the  theoretical  relations 
are  almost  invariably  so  masked  by  experimental  coefficients  that  their  applica- 
tion in  an  uncorrected  form  would  usually  lead  to  highly  erroneous  results. 

Velocity.— The  velocity  of  water  at  any  time  /,  and  at  any  point  P,  and 
in  any  direction,  is  defined  as  follows  : 

Consider  a  small  plane  area,  denoted  by  a.  Let  the  quantity  of  water  that 
passes  through  this  area  in  the  interval  between  the  tiroes  /  and  t+1  seconds 
after  a  fixed  epoch  be  given  by  Q  =avT.  Then,  if  Q  is  expressed  in  cube, 
and  a  in  square  feet,  v  is  defined  as  the  mean  velocity  in  feet  per  second  over 
the  area  a,  during  the  time  interval  T,  in  a  direction  normal  to  the  plane  of  a. 

Following  the  usual  rules  of  mechanics,  the  velocity  at  the  time  /  at  a  point 
P  in  this  direction  is  - 

the  limit  of  -^ 
aT 

when  a  and  T  become  indefinitely  small,  and  P  is  the  centre  of  the  indefinitely 
sniall  area  a. 

This  definition  is  an  ideal  one.  In  practice  d  is  a  measurable  area  (the 
sntallest  value  occurring  when  a  Pitot  tube  is  employed  in  order  to  measure 
the  velocity,  and  a  is  then  the  area  of  the  pressure  orifice,  which  is  at  least 
^nd  of  an  inch  in  diameter).  So  also,  except  in  Pilot  tube  observations,  T 
is  an  appreciable  interval  of  time,  say  twenty  seconds  at  least.  We  therefore  in 
reality  measure  mean  velocities  only.  This,  as  will  be  seen  later,  produces  a 
closer  relation  between  observation  and  practical  results  ;  but  the  difference 
must  be  borne  in  mind,  since  all  theoretical  equations  are  concerned  not  with 
mean  velocities  as  measured,  but  with  the  ideal  limits  of  mean  velocities  as 
above  defined. 

We  can  similarly  define  the  resultant  mean  velocity  (usually  termed  the 
velocity)  at  P,  as  the  value  of  the  mean  velocity  obtained  when  the  area  a  is 
so  oriented  that  the  velocity  through  it  is  greater  than  that  through  any  equal 
area  which  is  not  similarly  oriented  ;  or,  more  precisely,  when  the  velocity 
through  all  areas  in  planes  which  are  perpendicular  to  the  plane  of  a  is 
lero.  The  direction  of  this  resultant  mean  velocity  is  obviously  normal  to  the 
plane  of  a  as  thus  defined.  Similarly,  the  resultant  velocity  at  the  time  /  is 
the  maximmn  limit  of  the  mean  velocity  when  the  interval  T  and  the  area  a 
become  indefinitely  small. 

We  may  aisi)  define  the  motion  of  water  as  steady  when  the  magnitude 
and  direction  of  this  resultant  velocity  is  independent  of  t. 
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Id  uniform  motion  the  magnitude  of  the  resultant  velocity  is  the  same  for 
the  same  particle  of  water  at  every  point  of  its  path  during  the  motion. 

In  practical  hydraulics  (with  the  possible  exception  tii  motion  in  capillary 
tubes)  the  motion  is  always  unsteady  and  non-uniform.  Engineers  are,  however, 
accustomed  to  consider  the  motion  of  water  as  steady  or  uniform  when  the 
above  definitions  are  fulBUed,  if  we  consider  the  motion  of  the  entire  snream 
of  water  as  a  whole.  The  unsteadiness  or  non-uniformity  of  the  motion  of 
individual  particles  ts  thus  ignored,  provided  that  the  motion  of  the  whole  body 
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Sketch  No-  2 Diagram  of  Irregolarides  of  Velocity. 

of  water  is  steady  or  uniform.  Tiie  pliraseoiogy  cannot  be  regardett  as 
incorrect,  as  it  is  precisely  similar  to  the  nse  of  the  term  "  homogeneous,"  as 
applied  to  concrete  or  brickwork,  or  even  to  steel,  if  the  results  of  microscopic 
investigations  are  considered. 

The  assumption  that  these  substances  are  homogeneous  permits  certain 
mathematical  deductions  to  be  obtained,  which  are  found  to  agree  very  well 
with  the  results  of  observations  conducted  by  the  ordinary  conunercial  methods. 
If,  however,  the  observations  are  conducted  with  the  utintrst  possible  refinement, 
differences  between  the  results  of  the  approximate  theory  and  the  obseivationa 


.Google 


MEAN  LOCAL   VELOCITY  ii 

ue  disclosed,  which  are  found  to  be  explicate  by  mathematical  investigations 
based  on  the  assumption  that  the  substances  are  not  perfectly  homogeneous. 
The  difieience  between  the  tensile  strength  of  steel  plates  when  measured  along 
and  perpendicular  to  the  direction  of  rolling  forms  a  very  pronounced  example. 

Similarly,  the  assumption  that  the  motion  of  water  in  a  pipe  or  channel  of 
constant  cross-section  is  uniform  and  steady  may  be  made,  and  will  lead  to 
results  which  agree  fairly  closely  with  observation  so  long  as  the  motion  of 
large  masses  of  water  only  is  considered.  If,  however,  the  motion  of  individual 
particles  of  water  is  investigated  by  accurate  methods,  the  assumption  is  not 
sufficiently  in  accordance  with  the  real  physical  facts,  and  the  divergence 
between  the  approximate  theory  and  observation  will  be  found  to  be  more  and 
more  marked  the  greater  the  accuracy  of  the  observations. 

When  the  distinction  between  the  instantaneous  values  of  the  velocity  at 
a  point  in  a  given  direction,  and  the  mean  value  of  the  same  velocity  over  a 
period  of  time  which  is  sufficiently  long  lo  eliminate  the  effect  of  the  accidental 
irregularities  is  of  importance,  the  term  mean  local  velocity  (see  p.  13)  will 
be  used  for  the  latter  quantity,  and  the  differences  positive  or  negative  between 
the  mean  local  velocity  and  the  instantaneous  values  of  the  velocity  will  be 
tertned  the  irregularities. 

Thus  in  symbols  :  Mean  local  velocity™-^  where  a  is  very  smtdl,  when  T 
is  sufficiently  large  to  eliminate  irregularities,  and  the  irregularity  at  the  time 
/isgivenby^'^-Limit(^). 

As  a  rule,  we  wish  to  observe  the  mean  local  velocity,  and  employ  the 
term  velocity  to  denote  its  value. 

Periodic  Unatead?  Motion.— In  ordinary  channels  with  rough  boundaries 
the  velocity  at  any  given  point  is  found  to  vary  from  moment  to  moment  both 
in  magnitude  and  direction.  On  the  other  hand,  the  resultant  mean  velocity 
during  a  sufficiently  long  period  (say  1  to  5  minutes)  varies  but  little  either 
in  magnitude  or  direction.  Hence  the  time  variations  of  the  direction  and 
magnitude  of  the  velocity  are,  in  a  certain  sense,  periodic.  Consequently,  if 
at  each  point  of  the  stream  the  resultant  mean  velocities,  as  defined  above, 
are  regarded  as  being  the  velocities  which  actually  exist  at  every  moment, 
this  average  of  the  actual  motions  may  be  considered  as  steady,  and  calcula- 
tions based  on  this  assumption  will  prove  to  be  fairly  reliable. 

Theorktical  Investigation.— The  definitions  given  above  suffice  for 
practical  purposes,  and  the  following  distinctions  need  onlj  be  considered 
if  extreme  precision  is  desired.  They  are,  however,  fundamental,  and  although 
complicated  must  be  taken  into  account  if  any  advance  in  the  accuracy  of 
hydraulic  measurements  is  desired.  The  use  of  mathematical  symbols  is 
therefore  legitimate. 

Let  any  jjoint  in  the  body  of  water  considered  be  denoted  by  its  co- 
ordinates {x^y^  z). 

In  considering  a  motion  which  is  steady  in  the  broad  sense  already  defined, 
the  velocity  in  any  direction,  say  On,  for  clearness,  is  a  function  of  /,  due  to  the 
inegularities  of  the  motion  only,  and  v,  the  resultant  velocity,  is  given  by 
tte  equation:  ,^^,,y,,,t, 

90  that  V  depends  on  /  as  well  as  on  x,  y,  and  s.     In  practical  cases  the 


.Google 


./^ 


I  a  CONTROL  OP  WATER 

motion  of  the  water  is  such  that  the  mean  vdue  of  v  over  a  sufficiently  long 
period  is  independent  of  /,  or : 

y,  e,  t)dt 

and  V,  the  resultant  mean  velocity  normal  to  the  plane  x,  y,  is  independent 
of/orT. 

Boussinesq  terms  V  the  mean  local  velocity  at  the  point  {x,  y,  s)  in  the 
direction  O^.  Thus  v  may  be  regarded  as  a  quantity  which  fluctuates 
irregiilarly  about  its  mean  value  V,  The  meaning  of  the  term  periodic 
steady  motion  is  now  obvious. 

Certain  opinions  (they  possess  no  firmer  foundation)  concerning  the  length 
of  the  period  T  are  given  later. 

In  practice,  engineers  are  almost  entirely  concerned  with  V,  and  do  not 
wish  to  measure  -v.  The  difference  V-  1/  is  termed  the  irregularity  of  the 
velocity,  and  in  all  practical  measurements  the  smaller  the  influence  which  V—f 
(which  may  include  not  only  variations  in  absolute  magnitude,  but  also  in 
direction,  i.e.  V  —  v,  is  a  vector  quantity)  has  on  the  indications  of  the  instrument 
used  to  observe-V,  the  better.  The  importance  of  this  condiiion  is  best  realised 
by  the  statement  that  V—v  may  amount  to  ±  50  per  cent,  of  V.    (See  Sketch  2.} 

Now,  considering  Q,  the  discharge  through  any  area  in  the  plane  g^o, 
which  is  supposed  to  be  peq>endicular  to  the  direction  of  V, 

Q  =#  V  dy  dx=  ^^JJf^^  vdxdydt 

where  the  integration  is  perfonned  over  the  whole  area,  gives  the  mean  dis- 
charge during  the  period  i  to  ^+T ;  but  any  element  of  the  discbarge  is 
represented  by  dQ=i/  dx  dy  dt.  Thus,  any  instrument  which  is  really  accurate 
for  the  purpose  of  discharge  measurement  must  measure  V,  and  not  v. 

Assuming  that  the  instrument  measures  V,  we  can  in  practice  only  measure 
V  at  definite  points.    Thus,  in  place  of  Q  =ffV  dx  dy,  we  really  have  : 

Q=2V»^,  where  V™  is  the  mean  value  of  V  over  the  area  represented  by  a. 

Now,  the  practical  assumption  is  that,  if  V  be  measured  at  a  point  P, 
the  value  thus  obtained  represents  V„  for  practical  purposes  over  a  certain 
area.  Thus  we  have  to  consider  not  only  the  possible  variations  of  v,  for  a 
fined  point  {x,  y)  as  /  varies,  but  the  possible  variations  of  V,  as  x  and  y, 
vary  over  the  area  represented  by  a.  These  we  may  shortly  term  the 
permanent  differences  of  the  local  velocities  at  adjacent  points. 

The  various  formula  used  in  practice  when  calculating  Q,  from  a  series 

of  observations  of  V,  are  discussed  later.     Mathematically  speaking,  the  most 

complicated  of  these  formulae  leads  to  a  correct  value  of  the  discharge  if  tba 

local  velocities  over  the  whole  of  each  partial  area  a  can  be  represented  by: 

V = ao + HiJ^+^iJ" +fl»«' +*»*)' +c»y 

Thus,  any  very  marked  dilTerence  between  the  values  of  V,  at  three 
adjacent  points  of  observation,  may  be  regarded  as  indicating  a  p>ossit;ility  of 
an  error  in  Q  due  to  insufficiently  close  spacing  of  the  points  at  which  V 
is  observed.  The  question  therefore  at  once  arises, — how  closely  should 
the  points  of  observation  be  spaced,  and  is  it  better  (o  observe  some  quantity 
Jj_  Jfdt  at  many  points,  taking  the  risk  that  T,  is  not  sufficiently  long  to 
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elimittate  the  effect  of  irregularities  typified  by  V— »,  or  10  observe  the  velocity 
at  fewer  points,  and  take  every  possible  means  by  repetition  of  observations 
to  secure  that  the  mean  local  vdocity  is  determined  7  The  alternative  is 
fondamental  in  all  hydraulic  woric,  unless  the  discbarge  is  obtained  by  w«r  or 
vcdumetric  methods. 

A  general  answer  cannot  be  given.  My  own  experience  is  mainly  confined 
to  the  gauging  of  large  quantities  of  water  (50  cusecs  and  over),  flowing  in 
earthen  chanaela.  In  such  cases  irregularities  in  motion  and  differences 
between  the  observed  velocities  at  consecutive  points  are  both  very  pronounced. 
A  mathematical  study  of  the  observations,  conducted  by  Pearson's  curve- 
fitting  methods,  has  led  me  to  believe  that  a  close  spacing  of  the  points  at 
which  the  velocities  are  observed  is  preferable  to  a  repetition  of  observations  at 
a  few  selected  points. 

The  question,  Iiowever,  deserves  carefiil  study,  especially  when  a  station  for 
systematic  gauging  observations  is  being  selected.  It  is  probable  that  in  some 
cases  irregularities  are  more  marked  than  differences,  and  then  fewer  points 
and  repeated  observations  at  these  points  should  produce  better  results. 

Hydraulic  Calculations.— The  equation  usually  employed  by  hydraulic 
en§^neers  is  that  known  as  Bemouilli's.  Using  feel,  the  weight  of  a  cube  fpot  of 
water,  and  seconds,  as  our  fbundamental  units,  this  equation  in  the  case  of  water 
can  be  written  as  follows : 

where  v  is  the  velocity  in  feet  per  second,  3^=64-4  approximately,  but 
varies  with  the  latitude  and  height  above  sea  level,  and  k  is  the  pressure 
at  any  point  measured  in  feet  of  water,  i.e. 

.     ,                  lbs.  per  square  foot 
A=lbs.  per  square  mch  x  2'34=n ^^7, 

when  the  weight  of  water  is  taken  as  6z'5  lbs.  per  cube  foot,  and  t  is  the  height 
in  feet  of  the  point  considered  above  a  fixed  plane. 

This  equation  can  be  proved  mathematically  for  a  perfect  fluid  moving 
under  gravity.  The  proof  extends  to  fluid  motion,  whether  vortices  exist  or 
not,  provided  that  the  motion  is  steady,  i-e.  is  the  same  at  a  fixed  point  at  all 
instants  of  time,  and  that  points  in  the  same  stream  line  alone  are  considered. 
It  is  somewhat  doubtful  whether  a  rigid  proof  can  be  given  for  such  motion  as 
usually  takes  place  in  cases  considered  in  practical  hydraulics.  This  doubt, 
however,  is  not  a  matter  of  great  practical  importance,  as  the  form  actually  em- 
ployed in  hydraulics  is : 

)(+£+ — 1-losses  by  friction,  etc.=a  constant. 

These  "losses  by  friction,"  etc.  arc  calculated  from  the  results  of  actual 
experiments  under  the  assumption  that  Bemouilli's  equation  in  the  above 
corrected  form  holds  during  the  motion. 

The  general  form  of  the  equation  can  consequently  be  regarded  as  valid, 
and  we  may  proceed  to  investigate  its  practical  applications. 

Losaea  by  Friction,  etc.— The  friction  losses  (i'.*.  those  which  occur  when 
tiie  velocity  remains  unchanged  both  in  magnitude  and  direction)  are  usually 
assumed  to  be  proportional  to  ■v'*,  although  there  is  ample  experimental 
evidence  to  show  that  this  assumption  is  only  true  under  exceptional  cir- 
cumstances.   The  correct  law  ia  that  the  Igsws  by  friction  (eiicluding  thos^ 
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in  tabes  where  v  is  less  than  the  critica]  value)  vary  as  «'«,  where  n  ranges 
from  about  17  to  21  according  to  the  smoothness  of  the  sides  of  the  channel 
and  its  size,  the  lower  values  corresponding  10  smalt  smooth  chatmels,  and 
the  higher  to  rough  channels,  and  probably  also  to  larg«  channels,  whether 
smooth  or  rough. 

For  losses  by  shock  {Lt.  more  or  less  sudden  changes  in  velocity,  or  in  the 
direction  of  velocity)  the  evidence  that  the  losses  vary  as  w'  is  far  more  con- 
clusive ;  although,  in  certain  cases  (usually  concerned  more  with  a  change  in  the 
direction  of  the  velocity  than  with  a  change  in  its  magnitude),  the  divergence 
from  the  t^  law  is  greater  than  the  possible  errors  in  the  measurements. 

Pnctical  Equation.— For  practical  convenience,  however,  it  is  usual  to 
express  the  motion  of  water  from  one  cross-section  of  the  channel  (defined  by 
the  suffix  i)  to  another  cross-section  lower  down  the  channel  (defined  by  the 
suffix  2)  by  an  equation  of  the  following  form : 

where  ti  is  a  velocity  which  is  some  fraction  of  v^  or  v^,  and  is  determined  by 
the  geometrical  form  of  the  channel  between  the  cross- sections  denoted  by 
suffixes  I  and  2. 

i/  is  a  coefficient  determining  the  loss  by  friction  during  the  intermediate 
motion. 

£'s  is  a  coefficient  determining  the  loss  by  obstructions,  or  alterations  of 
cross-sections  during  the  intermediate  motion. 

£1  is  a  coefficient  determining  the  loss  caused  by  changes  in  the  direction  of 
the  velocity  during  the  intermediate  motion. 

Now,  these  three  coefficients  depend  upon  the  hydraulic  character  of  the 
boundaries  of  the  channel,  and  also  upon  such  geometrical  quantities  as  the 
length  and  hydraulic  mean  radius  of  the  channel  between  i  and  2,  the  angle  of 
deflection  and  radius  of  the  bends,  and  the  magnitude  and  position  of  the 
various  alterations  in  its  cross- section.  The  most  important  question  is  :  How 
closely  do  these  losses  follow  the  law  of  proportionality  to  v'  ?  Assuming  that 
the  channel  is  completely  defined  in  its  geometrical  and  physical  condition, 
we  have  to  investigate  the  variations  in  the  values  of  f,  which  depend  solely 
upon  variations  in  the  quantity  of  water  passing  along  the  channel  That  is  to 
say,  the  question  becomes  :   How  does  each  f  vary  as  v  or  v-i  varies  ? 

,  We  find  experimentally  that  if  is  usually  a  variable  coefficient,  depending 
on  the  magnitude  of  -v^  or  i/,,  and  this  portion  of  the  question  is  fully  discussed 
later  under  the  headings  Pipes  and  Open  Channels  (see  pp.  422  and  469). 

fo  is  usually  fairly  constant  compared  with  £>  and  the  available  information 
is  given  under  the  heading  Contraclions  and  Enlargements  (see  p.  796). 

As  regards  fii,  we  have  little  definite  information.  The  older  experimenters 
considered  it  to  be  constant,  but  the  bulk  of  later  evidence  tends  to  show  that 
it  varies  quite  as  much  as  Cc  and  probably  follows  the  same  laws. 

Engineers  are  also  accustomed  to  write  : 

T,Ai=jjA=fiAj 
where  Ai  and  A,  are  the  areas  of  the  cross -sections  of  the  channel  at  the 
points  I  and  2,  and  A  is  any  intermediate  area,  and  v  is  the  corresponding 
velocity,  and  to  express  v  and  v^  in  terms  of  «,  by  these  relations. 

Wh§n  such  a  substitution  is  made  in  Ihe  above  equation  we  really  assume 
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that  Che  sum  of  the  kinetic  energies  (vij  tiivee)  of  all  the  particles  of  water 
(iriiich  at  a  given  instant  are  found  in  any  cross- section)  is  equal  to  the  energy 
of  a  quantity  of  water  equal  to  that  which  passes  through  this  cross-section 
in  unit  time,  moving  with  a  velocity  equal  to  the  mean  velocity  of  the  water 
across  this  cross -section.  For  example,  if  v-Vr\,  be  the  actual  velocity 
occuniug  over  a  small  element  da  of  the  area  A  of  the  cross-section,  we 

provided  that,  fn  da=o, 

so  that  V  is  the  mean  velocity  over  the  whole  cross -section  A. 

The  discussion  already  given  concerning  the  irregularities  of  velocity  will 
suffice  to  show  that  if  we  consider  the  momentary  values  of  the  quantity  v-'rii 
this  assumption  is  untrue.  If,  however,  f -Hi  represetiis  a  mean  local  velocity, 
so  that  7  represents  the  difference  between  the  mean  local  velocity  at  the  point 
considered  and  the  mean  velocity  over  the  whole  cross -section,  the  conditions 
are  not  only  more  favourable,  but  also  more  closely  represent  the  quantities  we 
actually  observe  in  practice.     We  have  ; 

/(I'+ij)  Va  -i/Av"  -f  iv/ii'da+fit'da. 

Now,  Tififda  is  always  positive,  xa^Jr^da  may  be  either  positive  or  negative. 

The  matter  has  been  experimentally  investigated  by  Darcy  and  Bazin  and 
others.  The  results  are  conflicting ;  but,  as  a  genera!  rule,  we  may  assume  that 
{i^-VTifda  =  Af  ,  i/*(i  +a),  where  □  is  positive,  and  is  usually  not  far  removed 
from  o'o6.     For  definiteness  we  may  call  a  the  coefHcient  of  local  distribution. 

We  thus  see  that  if  V]  and  v^  differ,  the  usual  assumption  may  introduce  an 
error  in  the  values  deduced  for  the  tosses  equal  to  about  6  per  cent,  of  the  bead 
corresponding  to  the  change  in  the  mean  velocity. 

In  the  experiments  above  referred  to  the  flow  was  not  markedly  obstructed, 
and  the  losses  corresponding  to  the  terms|  fs^,  and  f.t^  were  small.  When 
these  terms  are  large,  the  values  of  a  are  quite  unknown,  but  it  is  possible  that 
not  only  does  a  markedly  exceed  o'o6,  but  that  it  varies  from  crost-seclion  to 

The  errors  thus  shown  to  be  possible  are  not  usually  allowed  for,  and  since 
measurements  are  usually  taken  at  sections  where  v,  and  Vt  are  fairly  equal, 
they  may  not  be  very  great  unless  the  coefBcient  a  varies  considerably.  Baxin's 
values  of  a  aretabulaced  on  page  481. 

Summing  up  the  available  evidence,  it  would  appear  that  the  present 
methods  of  calculating  frictional  and  other  losses  are  liable  to  certain  errors  due 
to  the  assumption  that  the  energy  corresponding  to  the  mean  velocity  properly 
represents  the  whole  velocity  energy  of  the  fluid.  These  errors  may  amount 
to  6  per  cent,  {possibly  more)  of  the  velocity  head,  and  wherever  the  nature  of 
the  motion  is  considerably  changed  errors  of  this  character  may  be  suspected. 

For  instance,  let  us  consider  the  heads  lost  at  curves,  bends,  or  elbows  in 
pipes.  The  present  experimental  values  are  widely  divergent,  aldioug^  each 
experimenter's  results  agree  very  fairly  well  inter  se,  and  the  laws  may  be 
contidered  as  entirely  unknown.  Actual  errors  (in  the  ordinary  sense)  in  experi- 
menting may  be  considered  as  unlikely,  but  no  experimenter  has  as  yet  (with  a 
few  exceptions  due  to  Saph  and  Schroder,  Trans.  Am.  Soc.  of  C.E.,  vol.  xlvii. 
p.  301)  investigated  the  distribution  of  the  velocities  over  the  cross-section  of 
the  pipe  before  and  after  passing  the  bend.    The  losses  of  head  observed  are 
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(in  pipes  of  large  diameter,  at  any  rate)  only  small  fractions  of  the  velocity 
head.  We  may  conclude .  that  what  has  been  observed  is  not  so  much  the 
curve  resistance  typified  by  fnv*  as  a  combination  of  this  and  the  terms ; 


where  owing  to  the  disturbance  produced  by  the  curve,  a,  and  a^  are  probably 
not  the  same,  so  that  even  ifv,™w,  we  have  a  possible  error  of  :— 

This  quantity  may  be  either  positive  or  negative,  and  there  is  evidence  to 
show  that  it  may  amount  to  as  much  as  o-is  — ',  although  it  is  believed  that  so 
large  a  vaJue  can  only  be  obtained  when  special  care  is  taken  tg  produce  cod* 
ditions  favouring  irregular  motion. 

In  some  cases  experimenters  have  endeavoured  to  correct  for  this  source  of 
error  by  observing  the  loss  of  head  at  four  points,  two  above  the  curve  and 
two  below,  and  considered  C'l  as  correctly  determined  when,  the  points  being 
equidistant,  it  was  found  that  : 

Loss  from  I  to  3  =  Loss  from  3  to  4. 

And  then  assumed— 

fjv'=Loss  from  2  to  3— Loss  from  I  to  a  (or  3  to  4). 

It  will,  however,  be  obvious  that  all  that  is  really  proved  is  that  the  value 
of  the  quantity  a,  — nj  above  the  curve  is  equal  to  that  of  the  similar  quantity 
oi— Of  below  the  curve,  and  that  a^  does  not  differ  so  markedly  from  oi  as  to 
materially  influence  the  friction  losses  in  the  straight  lengths  of  pipe.  These 
facts  do  not  at  all  prove  that  hj  and  hj  are  equal,  or  that  the  disturbances 
produced  by  the  curve  have  died  out.  The  assumption  that  ai=^ai  is  probably 
correct  in  small  pipes,  provided  that  the  length  11,  or  34,  exceeds  100  diameters. 
In  large  pipes  (say  over  11  inches  in  diameter)  we  have  no  knowledge  which 
enables  us  to  say  bow  great  a  length  of  straight  pipe  is  required  in  order  to  wipe 
out  the  curve  disturbances.  The  impression  left  on  my  mind  is  that,  unless  the 
character  of  the  motion  above  and  below  the  curve  is  tixed  in  some  manner, 
errors  of  the  character  now  discussed  do  occur,  and,  being  constant,  are  not 
disclosed  by  mean  square  calculations.  As  a  practical  matter,  where  the 
observations  are  applied  in  order  to  calculate  losses  in  pipes  of  the  same  siie 
as  those  experimented  on,  the  results  are  probably  worthy  of  confidence.  If  we 
endeavour  to  extend  the  formulce  thus  obtained  outside  the  limits  of  existing 
observations  we  are  liable  to  very  great  errors,  and  I  regard  all  calculations 
concerning  curve  losses  in  pipes  12  inches  or  more  in  diameter  as  waste  of  time 
and  paper. 

The  question  is  referred  to  under  the  heading  of  Backwater  Calculations, 
SJid  it  may  be  stated  that  a  comparison  of  observed  and  caJculated  backwater 
curves  leads  to  similar  results.  The  practical  importance  of  the  matter  is  best 
illustrated  by  a  case  which  actually  occurs  on  the  Upper  Swat  Canal  (Punjab). 
Hercw,=3-i  feel  per  second,  w,=  14  feet  per  aeccmd,  and  the  change  occurs  in 

a  length  of  70  feet,     -'-— -'-  =  2'89  feel,  and  all  calculations  regarding  the 

drop  in  tbe  w^t«f  surface  required  to  produce  ^\^  change  in  velocity  m« 
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piainly  DDcertAin  to  abont  0*06 X 289  feet^o'ie  foot.  The  question  is  compli- 
tated  by  the  fkct  that  v,  occurs  in  an  earth  chfttmel  (Baitn's  y— 1  -6  about),  and 
i^  in  a  masonry  cbwmel  (Baiin's  •f=Q'J  about), 

Kf  final  views  on  the  question  were  arrived  at  after  studying  individual 
rod  float  velocity  observations  in  similar  channels,  and  1  believe  that  the 
actual  drop  in  the  water  sur^ice,  after  all  allowances  for  friction  in  the 
inumiediate  length  have  been  nude,  will  be  found  to  be  3'i5±o-io  feet.  The 
value  calculated  by  the  designer,  after  very  careful  investigation,  is  3-40  feet. 
Since  the  various  coefficients  other  than  oi  and  a^  are  very  accurately 
known,  and  were  used  in  both  calculations,  the  difference  in  opinion 
regaiding  what  is  theoretically  a  fairly  simple  case  admirably  illustrates  the 
ttal  uncertainties  affecting  the  work.  The  rod  float  observations  were 
only  employed  since  current  meter  (point)  velocity  observations  were  not 
iviulable. 

General  Laws  of  Resistance  to  the  Motion  of  Fluids. — 
Tbe  object  of  the  present  section  is  to  discuss  the  changes  in  the 
mathematical  laws  expressing  the  physical  characteristics  of  the  resist- 
ance to  fluid  motion  that  are  produced  by  variations  in  the  velocity  of  the 
flnid. 

The  matter  has  only  been  fully  investigated  in  connection  with  the  motion 
of  fluids  in  pipes,  and  tbe  distinction  between  tbe  laws  of  motion  in  a  capillary 
tube  and  those  holding  for  a  pipe  of  ordinary  dimensions  are  discussed 
on  p^e  20. 

It  will,  however,  he  shown  that  there  are  well-maiked  indications  that 
similar  changes  in  the  mathematical  expression  of  the  taws  of  resistance  occur 
in  other  cases  of  fluid  motion. 

It  may  at  once  be  stated  that  the  whole  question  is  at  present  of  but  little 
piactical  importance,  and  were  it  not  for  the  fact  that  engineers  are  accustomed 
to  apply  the  results  of  small  scale  laboratory  experiments  to  the  calculation  of 
die  dimensions  of  large  works  it  could  be  entirety  ignored. 

It  is,  nevertheless,  necessary  to  discuss  the  general  laws,  and  to  make 
allowance  for  the  results  thus  obtained  when  small  scale  laboratory  experiments 
(especially  those  relating  to  bends  and  constrictions  in  pipes)  are  used,  in  order 
10  deduce  rules  for  practical  calculations. 

It  is  also  probable  that  no  radical  advance  in  the  theory  or  practice  of 
experimental  hydraulics  will  be  made  until  similar  questions  concerning  the 
motiOD  of  water  in  open  channels,  and  over  sharp  edges  (as  in  weirs  or  orifices), 
are  thoroughly  investigated. 

Broadly  speaking,  the  whole  matter  is  included  in  the  question  of  stream 
.  line  and  turbulent  motion.  The  ordinary  methods  of  mathematical  hydro- 
dynamics lead  to  solutions  of  problems  regarding  the  movement  of  fluids  which 
are  characterised  by  the  existence  of  stream  lines.  Physically  regarded,  in  a 
steady  stream  line  motion,  if  at  a  time  i,  we  find  a  particle  of  water  at  a  point 
P,  and  later  on  at  a  time  t-^T,  we  find  this  same  particle  at  Q,  we  can  rest 
sssnred  that  the  particle  now  at  P,  will  arrive  at  Q,  at  a  time  t+iT.  The 
vater  particles,  in  fact,  move  through  the  channel  in  regular  order,  just  as 
soldien  in  files,  where  no  man  quits  the  ranks.  In  turbulent  motion,  on  the 
other  band,  this  regnlarity  does  not  exist,  and  the  motion  may  be  compared  to 
that  of  a  disorderly  crowd,  where  there  are  no  regular  files  and  where  each 
Dtan  leaves  his  posidon  as  he  chooses. 
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In  ft  stiaigbt  circular  pipe  of  uniform  section  the  stream  line  theory  abows 
that  the  particles  of  water  move  with  velocities  which  entirely  depend  np<m 
their  distance  from  the  sides  of  the  pip^  and  are  parallel  to  dtc  axis  of  the 
pipe.  Pursuing  the  simile  of  a  regiment,  the  files  close  to  the  sides  of  the  pipe 
move  slowly  and  the  central  files  very  much  more  rapidly,  the  gradoation 
being  quite  regular  and  represented  by  the  equation : 


-V.   . 


-©■} 


Consequently,    Vo,  t 
velocity,  it  being  assumed  that  there  i: 


Gmpfiof/headrre 


central)  velocity,   is  twice  the  mean 
J  "slip"  at  the  walla  of  the  pipe,  *>. 


■  '-J'-'>^(S)' 

comfiaizd  rtilti  Oarcf  k  BBfyios  obserrahonsi 
on  Sp'/xs  ofdismekrs  rangim^  from 
(HSm.(75')  lo  Omm.(X) 


i-?^  (metric) 


Skbtch  No.  3. — Relations  between  the  Mean  Local  Velocities  o' 
Cross-sections  of  Pipe. 

Va=a,  where  a,  is  the  radius  of  the  pipe  and  Vr,  is  the  velocity  of  a  particle  of 
water  at  a  distance  r,  from  the  axis  of  the  pipe  (Sketch  Na  3). 

Now,  in  turbulent  motion  the  fccts  are  quite  different  The  velocities  are 
no  doubt  greater  near  the  centre  of  a  pipe  than  dose  to  its  sides,  but  a  particle 
which  at  one  moment  is  near  the  walls,  an  instant  later  is  close  to  the  axis,  and 


Each  individual  particle  therefore  moves  not  only  parallel  to  the  axis  of  the 
pipe,  but  can  abo  move  in  a  plane  perpendicular  to  the  axis.  These  minor 
velocities  perpendicular  to  the  axis  are  entirely  accidental  in  their  nature,  cannot 
be  calculated,  and  have  not  as  yet  been  studied  observationally  with  any  degree 
of  accuiacy.  In  consequence,  the  following  discussion  is  solely  devoted  to  a 
consideration  of  the  velocities  parallel  to  the  axis  of  the  pipe. 
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The  law  of  the  velocities  parallel  to  the  axis  of  tlie  [ape  is  approximately 
{s«  Baiin's  discussion,  Trans.  Am.  Soc.  cf  €.£.,  vol.  47,  p.  358,  or  Mm. 
Smr.  Strangers,  tome  3a.  p.  258)  ; 


v.-„=.v{.-vA^} 


where  V^  b  the    central  and  maximum    velocity,   V,  the    mean    velocity, 
and  Vr,  the  velodly  at  a  distance  r,  from  the  centre,  in  a  pipe  of  radius 

a,  whilst  a  and  0  are  constants,  where  a  is  about  ^$^  for  English  measure,  and 
where  C  is  the  constant  in  the  equation  V»C  k/~  and  ^  is  0-95. 

When  the  velocities  are  mean  local  velocities,  defined  as  on  page  12,  the 
agreonent  with  observation  is  very  dose,  as  is  shown  by  Bazin's  diagram 
(Sketch  No.  3).  But  it  must  always  be  realised  that  each  particle  in  addition 
possesses  irregular  and  constantly  changing  velocities,  in  all  directions  in  space, 
which  can  be  considered  as  super-imposed  on  Vr,  as  given  by  the  above  equation. 

Still  following  out  the  military  analogy,  it  is  plain  that  if  we  clothe  one  tite 
of  soldiers  in  a  diffisrrent  uniform,  this  file  will  preserve  its  individuality,  and 
will  persist  as  a  coloured  streak ;  while  if  we  colour  each  individual  of  the 
crowd  that  passes  a  fixed  point,  the  coloured  units  will  rapidly  become  mixed 
op  with  the  remainder  of  the  crowd,  and  win  finally  be  equally  distributed 
throughout  the  mass. 

The  actual  conditions  determining  whether  the  motion  of  water  in  a  pipe  is 
stream  line  or  turbulent  were  first  systematically  investigated  by  Osborne 
Reynolds  {Phil.  Trans.,  1883),  who  introduced  colouring  matter  into  water  by 
means  of  a  fine  tube.  * 

I  give  Reynolds'  results  with  the  remark  that  they  cannot  be  considered  as 
exact,  since  Coker  {Proc.  Roy.  Soc,  vol  174)  and  other  experimenters  have 
found  that  his  figures  are  not  absolutely  accurate.  The  causes  of  these 
divergencies  are  obscure,  but  can  probably  be  explained  by  the  previous  history 
of  the  motion  of  the  water. 

Reynolds  found  as  follows  : 

(i)  If  the  mean  velocity  of  water  does  not  exceed 


where  D,  is  the  diameter  of  the  pipe  in  feet,  and 

P= -Tf.-:  ;:p,        .        .        .  (Poisseuille's  ratio) 

i+-o337T+-ooo22iT»  ^  ■'. 

where  T,  is  the  temperature  of  the  water  in  degrees  Centigrade,  the  move- 
ment is  always  stream  line  in  character ;  and  even  if  eddies  {i.e,  turbulent 
motian)  are  artificially  produced,  they  rapidly  disappear,  and  the  motion  again 
becomes  stream  line.  The  motion  being  regular  and  ordered,  the  resistance  is 
but  small,  and  varies  as  v,  iJ.  v=k\  -.  where  h  is  the  head  in  feet  lost  in  a  pipe 

t  feet  long. 

The  value  tXk\  may  be  expressed  by 
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where  Reyntrfds  gives  ^=361,  when  d  is  in  inches  u>d  P  is  the  temperature 
correction  given  above. 

Hazen  (TVwm.  Am.  Soc.  0/  C.E.,  vol.  51,  p.  317)  uses  the  formula  : 

V.f£±I5)  rinrl.«1 


where  /  is  in  degrees  Fahr. 
obtains  for  brass  pipes  : 

vxdt  rf=0'iO7  to  o'63i  inch, 


Hazen  also 


=462  to  584,  or  c=  347  to  438 
Average,    495       Average,  373 
and  for  another  scries  of  Hazen's,  with  ^=o'ii  inch,  average  £i=450,or£'=338. 

It  may  incidentally  be  remarked  that  if  we  apply  the  mean  value  in  Haien's 
formula  for  percolation  through  sand  (p.  35)  we  find  that  the  elTective  size  of 
the  grains  Of  a  layer  of  sand  is  about  3'o  times  the  mean  diameter  of  the 
capillary  passages  through  the  layer,  assuming  that  their  length  is  equal  to  the 
thickness  of  the  sand. 

(ii)  Above  this  6rst  critical  velocity  we  have  a  transition  stage  where 
stream  line  motion  can  exist,  but  if  turbulent  motion  is  artificially  produced  it 
may  continue. 

Thus,  in  any  given  case,  the  occurrence  of  stream  tine,  or  turbulent  motion, 
is  a  more  or  less  accidental  matter.  The  resistance  is  therefore  also  fortuitous, 
and  no  rule  can  be  given. 

The  transition  stage  ends  when  :  ^; 

v,i=- — =  —  feet  per  second.    D  being  expressed  in  feet. 


n  is  always  turbulent.    (Although  Coker, 
t  velocities  50  per  cent,  above 


(iii)  Above  this  velocity  the  n 
ut  supra,  has  procured  stream  line  r 
those  given  by  Reynolds'  formula.) 

All  velocities  usually  occurring  in  practical  engineering  fall  into  this  class, 
and  we  have :  i 

where  n  lies  between  170  and  3' 10. 

The  motion  being  irregular  and  disorderly,  the  resistance  is  usually  in- 
creased, and,  as  Unwin  {Hydraulics,  p.  39)  states  : 

"Take  a  pipe  of  12  inches  diameter,  with  a  virtual  slope  of  I  in  1000.  If  in 
such  a  pipe  non-sinuous  ((>.  stream  tine)  motion  were  possible,  the  velocity 
wooild  be  72  feet  per  second.  But  the  actual  velocity,  the  motion  being 
turbulent,  is  only  if  foot  per  second." 


Actual  values  of  the  critical 

velocities  at  0  degrees  Cent,  are  as  follows : 

DiKneterofPtpe| 

i 

0-0417 

o'928 

S'90 

0-0833 

O'las 

2  ioches. 
0-1667  feel. 

First  critical  vel- 
ocity, V,     .     . 

Second  critical 
velocity,  v^    . 

0465 
»'95 

0-310 
J '97 

0-332  feet  per  second. 
i'47 
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Sketch  No.  4,  a  logarithmic  plot  o£A/l,  and  v,  taken  fiwn  Reynolds'  experi- 
ments on  a  lead  pipe  0-343  inch  tn  diameter,  shows  the  conditions.  I  have 
added  v^  and  vt,  as  given  by  equations  No.  (i),  in  order  to  show  the  theoretical 
taming-points  more  closely. 


■JKJ9(f{f  W  hjlOOI»/{  W7 


As  already  stated,  for  practical  calculations  of  pipe  sizes,  motion  of  class  (iii) 
alone  !s  of  bnportance.  If,  however,  we  consider  such  email  scale  experiments 
as  FUegner's  {Civil  IngMevr,  1875,  p.  98)  on  constrictions  in  pipes,  we  find 
in  many  cases  that  tbe  velocities  at  some  point  of  the  pipe  fall  below  Vg  or  v^. 
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Such  experiments  should  be  rejected,  as  they  do  not  fulfil  the  conditions 
existing  in  the  larger  scale  examines  to  which  engineers  usually  wish  to  apply 
the  results  obtained.  It  is  perhaps  permissible  to  state  that,  so  for  as  can  be 
gathered  from  a  study  of  such  cases,  we  may  assume  that  Coker's  value 

for  Wj  iue.  approximately  i'i—-lj—j  is  more  correct  than  Reynolds'.  This 
may  be  considered  as  merely  indicating  that  Coker^s  precautions  for  securing 
a  regular  flow  were  of  a  more  usual  type  than  those  of  Reynolds. 

The  difference  probably  arises  from  the  fact  that  Reynolds  worked  with 
pipes  with  bell-mouthed  inlets  and  without  obstructions  ;  whereas,  in  the  case 
of  experiments  by  Coker  and  others,  the  water  passed  over  shat^  edges  or 
through  constrictions. 

\  believe  that  the  above  is  a  complete  summing  up  of  our  present  know- 
ledge on  the  matter,  in  so  far  as  it  can  be  reduced  to  mathematical 
calculation. 

U  seems  advisable  to  state  that  Thrupp  {Tram.  Am.  Soc.  of  C.E., 
vol.  47.  p.  234)  and  Bilton  {Proc.  of  Victorian  Soe.  of  C.E.,  1908)  both 
appear  to  consider  that  a  critical  velocity  exists  for  pipes  more  than  i^  inch 
in  diameter,  which  is  represented  by  : 

i'  =  o'i4  foot  per  second  for  a  iz-inch  pipe 
rising  to  v=a"}Q  foot  per  second  for  a  3oinch  pipe.    But  the  evidence 

seems  to  me  very  doubtful. 
ft  will,  however,  be  plain  that  the  condition  that  the  motion  of  water  during 
the  whole  path  traversed  in  any  experiment  should  always  remain  in  one  of 
the  three  classes,  or  the  eBect  of  the  change  be  allowed  for,  should  be  home  in 
mta^  by  all  experimenters  who  wish  to  be  more  than  empiricists. 

Now,  as  a  matter  of  visual  observation,  the  movement  of  water  when 
passing  close  to  a  sharp  edge,  as  in  an  orifice  or  standard  weir,  is  far  less 
turbulent  than  in  the  approach  channel,  and  it  may  be  inferred  that  this  lact 
explains  certain  peculiarities  in  weir  observations. 

Cor  example,  Baiin  was  unable  to  determine  any  satisfactory  discharge 
coefficients  for  heads  less  than  o'i6  or  0*15  foot,  and  it  is  fairly  well  known 
that  a  sudden  change  in  the  coefficients  occurs  as  the  head  passes  from  0*35  to 
o'4S  foot. 

1  am  therefore  inclined  to  believe  that  the  effect  of  a  sharp  edge  is  to 
temporarily  cause  the  motion  to  be  similar  to  Class  (i),  or  stream  line  at  a 
distance  not  exceeding  015  foot,  and  similar  to  Class  (ii)  for  an  additional 
distance  comparable  to  o'4o  foot.  So  also  we  must,  for  the  present,  regard  all 
obetrvations  where  the  whole  body  of  water  is  passed  through  sieves  (to  still 
oscillations)  as  not  necessarily  exactly  comparable  with  those  where  this 
precaution  is  omitted. 

Similarly,  we  may  expect  to  find  a  marked  change  in  the  coefficient  of 
discharge  of  sharp-edged  orifices  as  their  size  passes  through  a  value 
approximately  equal  to  0-30  foot  (=2x0-13),  and  this  is  known  to  be  fairly 

It  may  therefore  be  hoped  that,  as  knowledge  accumulates,  we  shall  be 
able  to  distinguish  between  other  hydraulic  observations  in  a  manner  similar 
to  that  in  which  Reynolds  has  (approximately  at  any  rate)  classified  jHpe 
observations. 

Fottunjitely,  the  question  is  more  of  theoretical  than  practical  interest, 
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n 


since  the  difierences  in  cases  other  than  pipes  appear  to  1)e  of  the  order  of 
3  to  3  per  cent  only.  In  this  connection  it  seems  advisable  to  mention 
Thrupp's  pioneer  work  on  open  channels.  Here,  according  to  Tlirupp,  the 
iinface  slope,  and  not  the  dimensions  of  the  chajinel,  is  of  importance 
{P.T.C£.,  vol  171,  p.  346).  Speaking  from  the  point  of  view  of  pure  theory, 
this  is  somewhat  improbable,  but  there  is  no  doubt  that  some  change  in  tiie 
lav  of  resistance  occurs  at  low  velocities  (see  p.  477). 

Similarly,  consideration  of  these  principles  makes  the  otherwise  peculiar 
observations  of  Bann  on  depressed  and  adhering  nappes  somewhat  less 
puiding.  Here  it  would  appear  that  the  form  of  the  nappe  is  far  more 
dependent  upon  the  pressure  qbserved  as  eusting  on  the  sill  of  the  weii  than 
on  the  actual  head  over  the  sill,  «>.  on  a  factor  observed  at  a  point  where 
presumably  the  change  in  the  class  of  motion  has  occurred  (see  p.  114)- 
Hamilton  Smith's  observations  on  the  form  of  a  jet  as  influenced  by  the 
irregularity  of  supply,  (>.  the  turbulence  of  the  water  before  it  reaches  the  jet 
{Hydraulics,  p.  51),  are  probably  explained  by  similar  considerations. 

The  foregoing  may  possibly  raise  visions  of  a  hydraulic  engineer  loaded 
with  colour  tubes  and  pressure  gauges,  which  is  as  alien  to  the  present 
generation  as  the  current  meter  was  to  the  last.  But  this  cannot  be  avoided, 
and  if  we  realise  that  the  ultimate  effect  is  the  abolition  of  tabies  of  co- 
efficients, and  personal  judgment,  combined  with  economy  in  construction, 
the  change  may  be  regarded  not  only  with  equanimity,  but  even  with  favour. 

Ciq)ill«r7  Uotion  or  Percolation. — The  general  laws  of  the  motion  of  water 
in  caprillary  tubes  have  already  been  discussed,  since  capillary  motion  is  merely 
motion  at  velocities  less  than  Osborne  Reynolds'  first  critical  velocity.  The 
general  subject  of  capillary  tubes  has  a  certain  importance  in  observational 
hydraulics,  since  a  pressure  gauge  may  be  rendered  erroneous  by  capillary 
elevation  or  depression. 

CORRECTION   FOR  CAPILLARY   ELEVATION   IN  A  MERCURY 
GLASS  PRESSURE  GAUGE. 


Diameter  of  Tube. 

Add. 

o'o8  inch. 
016     „ 
0-32     .. 
040     „ 

0-18  inch. 
008     „ 
0027   „ 
o'ol6   „ 

In  practical  engineering,  however,  the  question  of  motion  i 
arises  only  in  the  case  of  percolation  through  sand  or  graveL 
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Poitseuille's  Ratio. 

'- ,+o-<,337T-l.oooo„,T«  -""'  ^' ' 
Or,  if  /  is  expressed  in  degrees  F«hr., 
/  =  i=  I  +o-oi87(/-33)+o-oooo683</-3i)»=o'4736+o-oi43^+troooo683/* 

Hazens  approximate  fonn/=    .  „^ 

Critical  VelocUies. 

-.  0-O388P  „         .  0-14S8P 

First,  Wc=—^ —  Secxmd,va= — ^ — 

Resistance  Formulmfor  Velocities  less  tfum  v«. 

w=Siioo/D'  ^  :  D,  in  feet,  and/=  i  at  33  degrees  Fahr. 

It  32  degrees  Fahr,  or  o  decree  Cent 

^480  to  490  ^  .  -.  ;  d,  in  Inches,  at  /,  degrees  Fahr. 

Hazerfs  Values  for  Sand. 
v—2\od*  J     'Z}°  for  sand  of  an  effective  size  equal  to  d,  hundredtlw  tt  an 

inch,  where  *,  is  the  effective  velocity  (see  p.  25)  in  feet  per  day. 
v-yi'iod*  p^^±^ifd,  iiinmllUmeties. 

Percolation  of  Water  tiirongh  Sand  or  Gravel. — The  passage  of  water 
through  a  layer  of  sand  or  fine  gravel  is  effected  by  capillary  flow  throi^h  the 
small  irregular  tubes  that  are  formed  by  the  void  spaces  in  the  sand.  It  is 
therefore  necessary  to  consider  the  laws  of  capillary  flow. 

The  capillary  motion  of  water  is  essentially  the  motion  of  water  through 
pipes  at  velocities,  which  are  less  than  the  critical  velocity. 

Let  h,  be  the  pressure  in  feet  of  water  producing  such  a  flow  through  a 
pipe  /„  feet  long,  and  di,  feet  in  diameter.  The  velocity  of  the  water  in  feet 
per  second  is  given  by ; 

v^  =  ^7,ioo/d^  J  feet  per  second, 
where/— i+o-02(/—33)+o'oooo7  (/— 31)* 
where  t,  is  the  temperature  in  degrees  Fahr. ;  v^,  must  not  exceed 
^^'feet 

per  second,  or  the  flow  may  cease  to  be  capillary  (see  p.  30}. 

Now,  in  sand  or  gravel  the  length  l\,  cannot  be  measured,  but,  on  the 
average,  it  is  a  certain  multiple  of  /,  the  length  of  the  path  of  percolation 
through  the  sand.  Similarly,  1/,,  cannot  be  measured,  but  bears,  on  the 
average,  a  certain  ratio  to  the  mean  diameter  of  the  grains  of  sand.  Con- 
sequently, the  expression  of  the  quantities  contained  in  the  above  formula  in 
terms  of  quantities  which  are  easily  measurable,  can  only  be  efli^cted  by 
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certain  assumptions  conceniing  the  averse  values  of  the  ratios  f-,  and  -j ,  where 
I,  and  d,  represent  the  length  of  the  path  through  which  percolation  occurs, 
and  d,  represents  some  measurable  quantity  (say,  the  mean  diameter  of  the 
sand  grains),  which  is  proportional  lo  di,  the  average  diameter  of  the  inter- 
stitial passages  through  the  sand. 

The  percolation  properties  of  sand  or  gravel  are  hest  defined  by  the 
quantities  known  as  the  effective  size  and  the  uniformity  coefficient.  The 
sand  can  be  separated  into  grades  by  sifting  through  sieves,  and  if  the  sizes  of 
the  holes  in  the  successive  sieves  are  sulficiently  close  together  the  diameters 
of  all  the  particles  in  a  grade  will  be  approximately  equal. 

The  effective  size  is  defined  as  the  mean  diameter  of  a  grain  such  that 
10  per  cent,  (by  weight)  of  the  sand  is  composed  of  smaller  particles,  and  90  per 
cent,  of  larger  particles. 

The  uniformity  coefficient  is  the  ratio  which  the  mean  diameter  of  a  grain 
such  that  60  per  cent,  (by  weight)  of  the  sand  is  composed  of  smaller  particles 
bears  to  the  effective  size  of  the  sand  (see  Sketch  No.  264,  p.  963). 

It  is  plain  that  the  effective  size  is  an  approximate  measure  of  the  mean 
size  of  the  smaller  grains  of  the  sand,  and  that  the  uniformity  coetKcient  is  an 
indication  of  the  ratio  between  the  sizes  of  the  larger  and  smaller  particles  of 
the  sand. 

It  is  also  plain  that  these  two  quantities  cannot  be  regarded  as  rigidly 
specifying  the  properties  of  the  sand,  and  that  their  practical  importance  is 
solely  due  to  the  fact  that  sands  and  gravels  as  they  occur  in  Nature  are 
approximately  similar  substances,  so  that  a  coarse  sand  may  be  regarded 
either  as  a  magnified  small  sand,  or  as  a  fine  gravel  on  a  diminished  scale. 

Subject  to  these  remarks,  Haien  {Filtration  of  Water)  has  found  experi- 
mentally that  the  efiective  velocity  of  percolation  is  given  by  : 


60  / 
where  v,  is  the  equivalent  velocity  at  which  the  water  passes  through  the  sand, 
i.e.  V,  is  not  the  velocity  of  the  water  in  the  pores  of  the  sand  (which  is 
denoted  by  -v,),  but  is  the  velocity  of  a  solid  column  of  water  of  the  same  area 
as  that  through  which  the  percolation  occurs  which  would  deliver  the  quantity 
of  water  which  actually  percolates  through  the  sand. 

i,  is  the  length  of  the  path  along  which  the  percolation  occurs,  and  A,  is  the 
head  producing  percolation,  measured  in  feet 

d,  is  the  effective  size  of  the  sand. 

The  expression  —2^,  is  an  approximate  representation  of  the  factor  denoted 
by/,  a  theoretically  more  accurate  expression  for  which  has  already  been  given 
(see  p.  24). 

C,  is  a  constant  depending  on  the  units  employed. 

Iff,  is  expressed  in  feet  per  24  hours,  and  i/ in  millimetres,  C  =  328a 

ltd,  be  expressed  in  hundredths  of  an  inch,  C=2io. 

V,  could  also  be  expressed  in  feet  per  second,  but  C  would  then  become  an 
inconveniently  small  fraction. 

The  equation  is  subject  to  exceptions,  For  example,  if  ^  be  the  percentage 
Dfvoidsinthesand,it  is  plain  thati'=ioo-T',  where  W|  depends  on  rfand  -;.    Now, 
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on  page  970  figures  are  given  which  show  that  the  fonn  of  the  sand  gruns  may 
caused  to  vary  from  z5'6  to  34'6.    Thus  we  may  infer'that  the  general  fbnn  of 

the  grains  alone  may  cause  -v  to  vary  as  much  as  ao  pet  cent,  either  way. 
In  practice,  however,  the  equation  is  found  to  apply  with  fair  accuracy  to  sands 
occurring  in  Nature,  in  which  d  ties  between  o'lo  nun.  (a'004  inch)  and  3*00  mm. 
(o'i2  inch),  and  with  a  uniformity  coefficient  less  than  $.  The  equation  also 
applies  with  equal  accuracy  in  gravels  up  to  5  or  7  mnL  (01a  to  o'aS  inch) 
effective  size,  so  long  as  v^=\ci>i  is  not  too  large.  In  this  last  case  the  limit 
at  which  the  equation  ceases  to  hold  is  fairly  accurately  ascertained  by  estim- 
ating the  critical  velocity,  ft.  in  a  tube  of  a  diameter  equal  to  ^-    (See  p.  19.) 

In  most  cases  we  can  take  /=  50  degrees,  and  then  the  bracketed  expression 
becomes  unity. 

We  can  also  express  this  formula  in  terms  of  (4i,  the  mean  diameter  of  the 
sand  grains,  with  a  very  small  degree  of  error,  by  changing  the  value  of  C  in 


the  ratio  \^j-)  in  ordinary  sand.    Since  flU— rf%'3,  we  have  C,.=— ,  and  actual 
values  as  given  by  Seelheim,  Hazen,  and  KrSber,  are  as  follows  : 
dms  in  millimetres : 

©■i6      o"a3      o'28      o'48      0-54      o'68      070      0-90      1*35      'T 
Cm,  in  feet  per  24  hours  : 

1060      1047     1016     1076     1205     1063     1158     1395     1030     1165 
so  that  the  above  relation  is  quite  close  to  the  truth. 

All  theee  experiments  were  conducted  on  clean  sand,  such  as  is  used  in 
filters.  The  following  results  show  [he  influence  of  a  small  quantity  of  clayey  <x 
dirty  matter  in  diminishing  percolation  {Trcms.  Am.  Soc.  of  C£.,  vol. '48,  p.  302). 

The  experiments  being  recorded  in  terms  of  the  effective  size,  we  get : 


dm 
MitU- 
metres. 

Value  of  V  in  Feet  per 
Di,y  as  ascertained  ex- 
perimentally when 

Value  for  »  for  Sand  of 
same  effective  Size 
according  10  Haien's 

Percentage  of  Flow 

with  diny  instead  of 

de.iAStu>l. 

0 
0 
0 

55 
46 

45 
4S 
40 

38 
37 

7S8 
154 
30 

92 

13' 

"? 
36 

991 

6,5 
663 
663 

5»S 
iT 
449 

?6 

S 
«4 

10 
S 

Although  the  information  is  incomplete,  it  seems  as  well  to  record  the  values 
of  Crf*,  or  Z„4m,  obtained  when  ^=0036,  in  the  alluvial  deposits  at : 

Lyons.        Strassbu^.         Gladbach.         Augsburg.         Vienna.         Bncbaregt. 
545  15"  701  "80  >73  403 
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The  value  of  i/,  not  being  given,  C  cannot  be  calculated. 

These  values  are  obtained  on  strata  of  a  markedly  water-bearinfr  character, 
and  should  consequently  be  considered  as  maxima,  and  as  unlikely  to  occur  io 
strata  suitable  for  dam  foundations. 

The  Hazen  fbimula  has  been  very  severely  criticised  of  late  years  by  many 
experimenters,  especially  by  Baldwin  Wiseman  (F./.CE.,  vol.  i8i,  p.  29). 
As  I  have  based  many  designs  on  the  results  of  the  formula,  I  consider  that  the 
following  remarks  are  not  out  of  place. 

The  correction  for  temjwrature  is  probably  somewhat  faulty,  and  the 
Foisseuille  ratio  used  in  investigations  of  critical  velocities  in  pipes  is  a  more 
accurate  method  of  allowing  for  the  influence  of  temperature.  I  consider  that 
Hazen's  results  are  approximately  correct  for  a  range  of  50  to  70  degrees  Fahr. 

Formula  of  the  type  suggested  by  Slichter  or  Baldwin  Wiseman  are 
certainly  more  accurate  in  the  case  of  small-scale  experiments.  Their  weak 
point,  however,  is  that  the  work  necessary  in  order  to  ascertain  the  coefficients 
is  more  laborious  than  a  series  of  determinations  of  the  actual  flow  under  vary- 
ing heads. 

In  large  scale  experiments  the  porosity,  surface  area  per  unit  volume,  and 
other  qualities  determined  by  Baldwin  Wiseman  vary  from  point  to  point.  In 
Tiew  of  these  variations  any  formula  more  accurate  than  that  given  by  Hazen 
is  uimecessary.  The  following  is  a  table  of  the  velocities  in  feet  per  24  hours 
when  i<^  50  degrees  Fahr, : 

EFFECTIVE  SIZE  OF  THE  SAND  GRAINS    IN   MILLIMETRES. 


h 
T 

0-033 

0-20 

0-30 

0-35 

0-40 

o-so 

.•00 

300 

o-ooi 

0-13 

0-30 

0-41 

0-524 

0-82 

rrf 

0-005 

0-164 

0-66 

r-48 

206 

2-63 

4-10 

16-40 

O'OIO 

0-328 

'■3^ 

2-96 

4-12 

5'24 

8-3 

^^a 

2950 

0050 

1-64 

6-56 

.4-8 

20-6 

26-2 

41-0 

164-0 

o'loo 

r2« 

I3"i 

>9"5 

41-2 

5»-S 

82-0 

128-0 

fooo 

32-80 

131-3 

295-2 

4irlS 

524-8 

820-0 

Haien  states  that  a  similar  law  holds  for  the  motion  of  water  in  beds  of  - 
gravel  (see  p.  525).    There  is  a  very  fair  amount  of  experimental  evidence  (sup- 
ported by  experiments  on  flow  in  pipes)  which  shows  that  the  law  is  really  more 
complex,  and  that 

belter  represents  the  results.  Fortunately,  such  large  grained  beds  are  not 
likely  to  form  a  dam  foundation,  so  that  the  theory  (which  is  obviously  very 
complex)  need  not  be  investigated. 

Additional  information  concerning  this  subject  will  be  found  under  the  heads 
of  Wells  (see  p.  258)  and  Percolation  under  a  Dam  (see  p.  393). 

In  these  cases  the  formula  employed  is  v=K^ 
»tl,.tK.Ci'<'l!^> 
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A  table  of  values  of  K,  when  /»  50°  Fahr.,  in  terms  of  the  number  of  meshes 
per  lineal  inch  of  a  sieve  that  retains  loper  cent,  by  weight  of  the  sand  (i^  Cd* 
expressed  in  terms  of  the  mesh  of  the  sieve),  is  given  on  page  069. 

Curve  Resistance. — The  experiments  of  Saph  and  Schroder  {Trans.  Am. 
Soe.  of  C.E.,  voL  47,  p.  301),  and  Brightmore  {P.I.C.E.,  vol.  169,  p.  315), 
ahow  very  clearly  that  curve  resistance  is  caused  by  a  redistribution  of  tbe 
velocities  over  the  cross-section  of  the  pipe. 

The  maximum  velocity  in  the  case  of  motion  in  a  straight  pipe  is  found  at, 
or  close  to,  the  centre  of  the  pipe.  Whereas,  when  the  water  has  passed 
through  a  sufficient  length  of  curved  pipe,  the  maximum  velocity  is  found  close 
to  (about  ^ths  of  the  radius  away  from)  the  concave  side  of  the  pipe. 

It  may  be  stated  in  general  terms  that  the  velocities  in  a  straight  pipe  tend 
to  be  uniform  over  the  cross-section,  but  owing  to  the  resistance  of  the  sides  of 


idodly  Contour  lines 

Fiqur&s  g/'re  Yeloci^  in  fff&ec. 


Convex 

SrraiQhtFipe  Curved  Pipe  Z'Dia. 

Saph  k  Schroder. 

Sketch  No.  5. —Distribution  of  Velodties  in  Straight  and  Carved  Pipes. 

the  pipe  the  actual  distribution  is  as  already  discussed.  Likewise,  in  a  curved 
pipe,  the  velocities  tend  to  arrange  themselves  as  in  a  free  vortex,  where  f, 
being  the  velocity  at  a  distance  x,  from  the  centre  of  the  circle  formed  by  the 
curve  of  the  pipe,  v.r=constant.  Owing  to  the  influence  of  the  sides  of  the 
pipe  the  final  distribution  is  of  the  form  shown  in  Sketch  No.  5  (which  ia  an 
example  given  by  Saph  and  Schroder). 

Experimentally  it  would  appear  that  the  change  from  the  form  of  niation 
appropriate  to  straight  pipes  to  that  occurring  in  curved  pipes  does  not  entail 
any  marked  loss  of  head.  The  head  is  lost  in  a  gradual  wiping  out  of  the  curve 
distribution  of  velocities  by  the  friction  of  the  sides  of  the  straight  portion  of  the 
pipe  which  succeeds  the  curve. 

The  head  lost  at  a  curve  is  therefore  in  a  certain  sense  a  species  of  head 
lost  by  skin  friction,  and  is  subject  to  the  same  laws.    Consequently,  it  cannot 
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be  considered  as  being  accurately  proportional  to  v*.  This  has  been  amply 
proved  by  Alexander  {P.I.C.E.,  vol.  159,  p.  341),  who  found  that  for  smooth 
wooden  tubes,  1^  inch  in  diameter,  in  which  the  friction  loss  was-.=iv*''" 
the  resistance  of  all  curves  was  given  by 

For  a  knee  {i.e.  a  curve  of  radius = radius  of  the  pipe),  and  an  elbow  where 
the  loss  is  mostly  due  to  shock,  Alexander  found  that : 

Now,  it  will  be  evident  that  the  problem  is  complicated.  In  the  first  place) 
the  length  of  the  curve  must  be  considered,  since  it  determines  the  amount  of 
redistribution  of  velocities  that  takes  place. 


lojs  of  Hcdd  broducedinaPdr^d  f^tx 
meicessi^lhe  loss  in&i  equal  laii^  of 


Sketch  No.  6.— Losses  of  Head  in  Curved  Pipes. 


Secondly,  the  length  of  straight  pipe  below  the  curve  must  be  sufficient  to 
eliminate  this  redistribution. 

Thus  if  /  be  the  length  of  the  curve  which  is  sufficient  to  entirely  eflSect  the 
redistribution  of  velocities,  and  /j,  be  the  length  of  straight  pipe  in  which  this 
distribution  is  wiped  okit,  we  see  that : 

(i)  All  curves  of  a  length  greater  than  /,  produce  the  same  curve  resistance. 

(ii)  If  any  other  curves  or  obstructions  occur  before  the  water  has  traversed 
a  length  l\,  downstream  of  the  end  of  the  curve,  another  redistribution  of 
velocities  takes  place,  and  the  observed  resistance  is  then  affected  by  this 
factor,  and  is  therefore  not  completely  determined  by  the  circumstances  of  the 
original  curve. 

Sketch  No.  6  shows  Brightmore's  and  Davis'  observations  on  the  loss  of  head 
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in  curves  of  90  degrees,  in  pipes,  3,  4>  and  6  inches  in  diameter.  They  are 
interesting  as  showing  that  the  bend  with  least  resistance  has  a  radius  of  about 
fbui  times  the  diameter  of  the  pipe.  This  fact  is  confirmed  by  the  experiments 
of  Schoder  and  Davis  {Trans.  Am,  Soc.  of  CE.,  vol.  62,  p.  67)  on  pipes  6 
and  2^^  inches  in  diameter. 

A  study  of  Schioder's  paper  will  show  the  extreme  complexity  of  the 
question. 

I  consider  that  the  whole  subject  is  useless  from  a  practical  point  of  view. 

For  bends  of  90  degrees  with  radii  such  as  are  found  in  practical  work,  the 

loss  of  head  caused  by  the  bend  rarely,  if  ever,  exceeds  J  — .  In  pipes  of 
diameters  greater  than  6  inches  this  figure  is  probably  never  reached. 

Now,  in  ordinary  motion  the  loss  of  head  by  skin  friction  in  a  length  of  [upe 

V* 

equal  to  the  diameter  of  the  pipe  is  approximately  equal  to  ^  V  ^^  '*'  ^^"'^^ 
as  100).  Thus,  at  the  worst,  a  bend  produces  a  loss  equal  to  that  caused  by  a 
length  equal  to  13  diameters  of  the  pipe.  This  loss  is  not  fiilly  experienced 
(j'.^.  the  distortion  of  the  velocities  is  not  fully  wiped  out),  even  in  a  smooth  tube 
3  inches  in  diameter,  until  more  than  130  diameters  of  straight  pipe  have 
succeeded  the  curve. 

In  larger  pipes  we  may  assume  that  the  requisite  number  of  diameters  is 
certainly  not  less  than  in  the  case  of  smaller  ones.  Thus  at  the  most  the  curve 
loss  amounts  to  an  increase  of  10  per  cent,  in  the  total  friction  of  the  whole 
length  of  pipe  over  which  it  is  distributed,  and  it  is  probably  a  far  smaller 
fraction. 

Hence,  we  may  reason  as  follows  : 

If  the  curves  in  a  line  of  pipes  form  a  large  fraction  of  its  total  length,  the 
full  loss  of  head  caused  by  each  curve  is  not  experienced.  If  the  curves  form 
so  small  a  fraction  of  the  total  length  that  the  full  loss  of  head  caused  by  each 
curve  is  experienced,  the  loss  of  head  due  to  the  curves  constitutes  so  small  a 
fraction  of  the  total  loss  that  the  usual  allowances  made  for  uncertainties  as  to 
the  exact  value  of  skin  friction  will  amply  cover  the  extra  loss  which  is 
occasioned  by  curves  and  bends. 

Schroder  (ut  supra,  vol.  62,  p.  89)  measured  the  resistance  of  an  iron  pipe 
8  inches  in  diameter,  and  found  that  the  loss  of  head  per  1000  feet  in  four 
different  straight  lengths  of  the  same  pipe  varied  as  much  as  i;  per  cent,  and 
that  while  the  four  portions  containing  curves  gave  more  variable  results,  yet 
only  one  of  these  four  lengths  showed  a  loss  of  head  per  looo  feet  which  ex- 
ceeded the  mean  loss  per  1000  feet  for  the  four  straight  portions. 

The  only  exception  to  the  above  rule  is  where  a  series  of  curves  follow  one 
another  in  reverse  directions.  A  considerable  loss  of  head  may  then  occur  in 
a  short  length  of  pipe,  since  the  reverse  curve  very  rapidly  wipes  out  the 
distortion  of  the  velocity  which  is  produced  by  the  preceding  curve.  Such 
arrangements  of  piping  are  not  likely  to  occur  in  practice,  except  in  the  case  of 
turbines,  when  the  available  installation  space  is  small.  Here,  owing  to  the 
disturbances  produced  by  the  turbine,  it  is  doubtful  what  influence  the  curves 
really  have.  A  study  of  tests  of  turbines  under  such  circumstances  suggests 
that  any  curve  action  will  be  amply  allowed  for  by  assuming  a  loss  of  bead 

equal  to  o-io -■ 


Digilzed  by  Google 


CURVE  RESISTANCE 


For  elbows  in  small  pipes  the  foimula  Ac»i*i7 


--  is  given  by  Brigbtmore 
of  pipes  in  which  elbows 


(h/  a^d^  and  probably  holds  good  for  all  s 
occur  in  practice. 

The  formulae  of  Weisbach  {J>ie  Experimental  HydrauUk)  for  the  head 
lost  by  curves,  and  angular  deflections  in  pipes,  have  been  frequently  quoted. 
They  refer  to  small  pipes  i^  inch  in  diameter,  and  are  as  follows  : 

(i)  For  an  angular  deflection  with  a  deflection  angle  represented  by  0 ; 


'     2f 


*i=frf  — ,  wbere  fj=o-9457  SLn*^+2-047  sin«_^ 

a  pipe  with  a  diameter  equal  to  d, 

f.-o-,3,  +  .-847(^)" 

'  section,  with  a  side  parallel  to  p,  represented  by  s. 


In  a  pipe  of  rectanguh 
Weisbach  finds  that : 


C=oi24+3- 


"■"•(i)" 


The  circumstances  under  which  these  results  were  obtained  are  not  known. 
If  they  were  similar  to  those  discussed  when  referring  to  Weisbach's  eupcri- 
ments  on  valves  (p.  781)  it  is  probable  that  these  formula?  are  not  applicable 
10  (he  cases  which  are  usually  met  with  in  practice.  The  results  obtained  when 
these  formuhe  are  applied  in  order  to  calculate  the  resistance  of  bends  in  larf^ 
pipes,  confirm  this  view.  I  therefore  merely  quote  the  formulre,  and  believe 
that  they  should  only  be  applied  to  small  pipes. 

Bellasis  {Engineering,  May  26,  191 1)  has  recently  discussed  all  recorded 


experiments  on  the  loss  of  bead  at  bends  i 
the  following  approximate  values  of  {a  -. 


pipes.    Putting  Ad-^Cd--  he  finds 


Diiuneter 

Value  of  td  when  the  Radius  of  Bend  is 

Aothotity. 

Elt>ow 
Radina 

2-5  D 
014 

3-SD 

013 
"... 

7D 

10  D 

14  D 
0-15 

0-2S 

iSD 

aoD 

Bri^tmore 
ScliiodEr  . 
Williams, 
Hubbell 
udPenkeU 

3 

6 

30 

0-89 

ri7 

0-135 
0-29 

0-35 

0-40 

0-39 
0-14 

o-o8 

o-or5 

014 

Having  attempted  to  prepare  a  similar  table,  I  am  of  the  opinion  that  these 
values  are  most  wiretiable.  They  form,  however,  useful  indications  of  the  order 
of  magnitude  of  k^ 
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GAUGING  OF  STREAMS  AND  EIVEKS 

Measuiement  of  Quantities  of  Watci. 

GravImBtric  or  Volumetric  MethotU. — Accura/7. 

Stroun  GftUg^illg'  Methods. ~ General  desciiplEon. 

Soimdiuga. — Pole — Hemp  cord — Wire — Rapid  streams— Position  of  soundings. 

IsREGULASiTY  OF  MOTION  IN  WATER. — Practical ruUs foi observations— Irr^ulaiitiei 

and  permanent  differences. 
Cftlibrataon. — Effect  of  irregularities — Methods  of  calibralj on— Effect   of  inegularitiea 

on  current  meters — Rod  floats — Surface  floats — Pitot  tubes. 
Calculation  of  tub  Disckakgb. — Hailachet's  method — Method  of  mean  vdodties 

on  verticals — Formula. 
CuitRBNT  Meters.— Description— Types. 
Ratine. — Equations — Correction  for   motion  of  water — Waves- Spedal  equations  for 

Price  &  Fteley  meters. 
AccuT«CT  of  Result!. 
Ueui  Velocity  otct  a  Vertical — Spaciiw  of  observations — Vertical  velodly  curves — 

Twin  floats — One  point — Two  point — "niree  point — Surfece  velocity  metbod — Mid 

depth — Summation  methods. 
Comparison  with  Weir  Observations. 

Rod  Floats.— Velocity  of  rod  and  mean  velocity. 

Francis  Correction  Formvui. — Comparison  with  weii  observations. 

Accuracy  op  Observations. 

T^PES  OR  /id  7S.— Correction  formula  !n  rough  channels. 

Surface  Floats. ^Harlacher's  factor — Reduction  6u;lor. 

Special  Gaucihg  Methods.— dsMraX  vertical  velocity — Maximum  velocity— -Surftce 

velocity — Central  surface  velocity — Bottom  velocity. 
PiTOT  TuBBS. — Formula— Thcorv-Pressure  orifice^Practical  construction. 
Practical  Details. — Differential   gauge    calibration — Fixed    tubes  in    pipes — Ktot 

lubes  for  use  in  jets. 
Chemical  Gauging. —Practical  rules — Tahleof  chemicals— Gulp  method — Application 

Practical  Details. — Apparatus — Chemical  methods. 

Vbnturi  Mbters. ^Approximate  theory — Values  of  C— Corrected  theory — Changes  in 
coefficient^Practical  limits — Gauge  for  meter. 

Measurement  by  Travelling  Screen. 

DiBCHABOB  CtJRVRs. — Relation  between  discharge  and  height  of  gauge — Theory  of 
logarithmic  plotting — Rising  and  falling  stages — Influence  of  a  tributary. 

JtlVBss  WITH  Shifting  5e^j. —Deeps  and  shallows— Sheaf  of  diseharge  curves- 
Practical  methods — Application  to  studies  of  silt  transport — Tavemier's  studies-^ 
United  States  method. 

The  following  chapter  is  devoted  to  a  consideration  of  the  methods  usually 
employed  in  the  measurement  of  large  quantities  of  water.  Measurement  by 
weirs  or  orifices  will  be  considered  separately,  as  these  methods  are  generally 
employed  for  smaJler  volumes,  and  are  less  subject  to  errors  caused  by  irregu- 
tarities  in  the  motion  of  the  water. 
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The  (tandard  method  of  detenniDing  a  quantity  of  water  t&  by  actual 
mtasurement  of  its  volume  or  weight.  Very  accurate  results  can  be  obtained 
brthis  method,  and  all  other  methods  are  directly  or  indirectly  tested  by  a 
ComparisoD  with  a  volumetric  or  gravimetric  measurement 

The  precautions  required  are  enumerated  in  most  text-books  of  physics. 

From  the  point  of  view  of  an  engineer  the  volumetric  method  alone  is  of 
importance.  The  most  accurate  results  are  obtahied  by  observing  the  time 
which  the  stream  of  water  which  it  is  desired  to  measure  takes  to  fill  the 
ponionof  the  volume  of  a  measured  vessel  contaiDed  between  two  horiiontal 
planes.  The  precautions  required  to  accurately  determine  the  level  of  the 
water  surface  are  discussed  under  the  heading  Weirs. 

My  own  exporiencc  leads  me  to  believe  that,  under  favourable  circumstances, 
field  observations  can  be  secured  which  are  subject  to  an  error  of  o'4  or  o'j 
per  cent.  only.  The  main  source  of  error  is  the  difficulty  in  accurately  observing 
the  rise  of  the  water.  The  level  of  a  moving  surface  of  water  can  hardly  be 
observed  with  {|n  accuracy  exceedii^  0*005  i'XiX.  Thus,  if  the  water  rises  I 
foot  during  the  observations,  errors  of  i  per  cent,  from  this  source  alone  xn 
possible.  Whereas,  if  the  water  rises  lo  feet  during  the  observation,  this  error 
is  reduced  to  qi  per  cent.  The  volumetric  method,  however,  is  i«ually«ily 
^icable  to  small  quantities  of  water,  and  can  rarely  be  employed  in  the  field. 

Hetiwda  of  Stream  Gauging.— These  are  as  fallow  : 

(i)  By  Cfrrent  M^ter. — This  method  is  applicable  to  all  streams,  and  is  the 
only  possible  methodic  large  rivers,  with  the  doubtful  exception  of  the  chemical 

(ii)  By  Rod  FUah. — This  method  is  especially  adapted  to  r^^tar  canals, 
and  is  only  ap[Huximate  if  the  bed  of  the  stream  is  at  all  irregular. 

(iii)  By  Surface  Floats, — This  method  is  only  approximate,  but  iff.  very 
rajrid ;  and  when  it  is  occasionally,  but  systematically,  checked  by  more 
accurate  methods,  is  very  useful. 

(iv)  By  Pilot  Tubes. — This  method  is  most  applicable  to  pipes,  or  to  very 
regular  channels ;  but  it  is  useful  in  the  case  of  streams  which  are  ntber  too 
rapid  for  current  meters,  or  where  the  beds  of  the  streams  are  too  irregular  in 
cross-section  for  rod  floats. 

Special  methods  requiring  more  or  less  fiennanent  installations  of  measurii^ 
apparatus  are  : 

(v)  Gauging  by  Chemical  Means. 
(vi)  Gauging  by  Weirs  (see  Chap.  iv.). 
(vii)  By  Venturi,  or  other  Meter. 
(viii)  By  a  Travelling  Screen. 

The  best  system  in  any  case  depends  upon  the  character  of  the  stream,  and 
to  a  smaller  extent  upon  the  skill  of  the  observer,  and  upon  the  intelligence  of 
the  available  labour. 

<i)  Gauging  by  current  meters  requires  a  consideiable  amount  of  skill  on 
tbe  part  of  tbt  obtervei,  but  little  extra  apparatus  bey<md  a  boat  is 
necessary. 

(ii)  Gauging  by  rod  floats  demands  less  skill  on  the  observer's  part,  but  at 
least  two  men  are  necessary  fbr  wading,  or  two  boats  when  wading  is  impossible. 
K  complete  set  of  rod  floats  is  less  portable  than  a  current  meter. 

(iii)  Gauging  by  surface  floats  is  the  simplest  and  quickest  method,  and  can 
he  carried  out  by  a  »ngle  observer  ;  but  In  order  to  obtain  any  real  deg;ree  of 
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accuracy  the  ratio  between  the  surface  and  mean  velocities  most  be  previously 
determmed  by  more  accurate  methods. 

(iv)  Gauging  by  Pitot  tubes  is  extremely  accurate,  and  the  method  can  be 
employed  under  conditioni  where  a  current  meter  would  be  destroyed,  and 
rod  floats  would  prove  inaccuiate. 

As  a  rule,  the  discbarge  can  be  obtained  far  more  rapidly  by  means  ti  rod 
floats,  or  by  a  current  meter,  than  by  a  Pitot  tube.  This  latter  instrument  is 
only  necessary  when  more  detailed  information  is  wanted  than  is  required  for 
Che  determination  of  Che  discharge,  and  is  not  well  adapted  for  gauging  streams 
(be  flow  of  which  is  irregular. 

In  very  regular  channels,  lined  with  smooth  masonry,  or  in  pipes,  where  the 
^ometrical  distribution  of  the  velocities  over  a  cross-section  can  be  accurately 
estimated,  a  fixed  Pitot  tube  will  record  the  momentary  dischargfe  with  an 
accuracy  which  is  only  surpassed  by  a  weir  or  Venturi  meter ;  but  the  necessary 
preliminary  studies  are  tedious. 

The  following  methods  require  certain  fixtures  to  be  installed  at  each 
gauging  site. 

(v)  The  necessary  apparatus  for  carrying  out  the  chemical  method  is  easily 
installed,  and  is  portable ;  but  the  observations  require  special  knowledge 
which  is  not  usually  possessed  by  engineers,  although  it  can  be  (aiily  ra[H<lly 
acquired, 

(vi)  Gauging  by  a  weir  necessitates  a  somewhat  expensive  permanent  con- 
struction, and  the  sacrifice  of  a  certain  head,  which  may  be  a  disadvantage. 

Engineers  are,  I  think,  inclined  to  somewhat  overestimate  the  accuracy  of 
the  weir  method  ;  and  if  it  is  applied  to  measure  the  flow  of  a  natural  stream 
throughout  the  year,  difficulties  occur,  since,  a  weir  which  correctly  measures 
the  low-water  discharge,  is  quite  unflt  for  gauging  the  flood  discharge,  and  vice 

It  is,  however,  one  of  the  few  systems  with  pretensions  to  extreme  accuracy, 
which  permits  the  observations  to  be  taken  by  an  untrained  man,  and  after- 
wards calculated  at  leisure. 

(vii)  The  Venturi  meter  is  only  adapted  for  measuring  volumes  of  water 
which  are  capable  of  being  passed  through  a  pipe.  The  apparatus  is  relatively 
more  costly  than  either  the  chemical,  or  weir,  or  screen  systems.  The  method 
is  very  accurate,  and  no  great  sacrifice  of  head  is  entailed.  Further,  the 
method  adapts  itself  more  readily  than  any  other  to  continuous  recording,  al- 
though weirs  are  not  far  inferior  in  this  respect. 

(viii)  Measurement  by  a  screen  is  new,  and  experimental.  Consequently,  a 
definite  statement  should  be  made  with  caution.  Nevertheless,  it  is  promising, 
and  has  advantages  which  will  be  later  discussed. 

Somidingi. — With  the  exception  of  chemical  and  weir  gaugings,  all  methods 
of  measuring  the  discharges  of  streams  require  a  previous  knowledge  of  the 
cross-section  of  the  stream  channeL 

A  cross-section  of  the  river  is  obtained  by  soundings,  and  the  mean  local 
velocity  perpendicular  to  the  cross-section  is  observed  at  .as  many  points  as 
possible.  The  dischat^e  is  then  calculated  by  multiplying  each  of  these 
velocities  by  the  area  over  which  it  is  supposed  to  occur,  so  that  the  dis- 
charge is :  q^2j/« 

where  v,  is  the  observed  velocity  at  any  point,  and  a,  is  the  corresponding 
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partial  area  of  the  cross-section  of  the  stream  over  which  v,  is  assumed  to 
npicsent  the  mean  velocity. 

The  process  for  obtaining  the  areas  is  comparatively  simple.  The  only 
difficulty  lies  in  observing  the  depths. 

So  long  as  iho  depth  does  not  exceed  about  lo  feet  (more  or  less  according 
Id  the  velocity  of  the  current),  a  sounding  pole  is  used,  which  is  best  divided 
iato  feet  and  tenths  (or  even  hundredths),  and  is  provided  with  a  flat  base  so 
as  to  prevent  it  from  sinking  into  the  softer  parts  of  the  bottom. 

In  the  case  of  depths  exceeding  lo  feet,  a  sounding-line  with  a  weight  has 
generally  to  be  employed. 

The  sounding-line  is  usually  a  hemp  cord,  graduated  into  feet,  or  fathoms, 
b^  tags  of  leather,  or  cloih,  inserted  between  the  strands  of  the  cord.  A  hemp 
cord  is  very  easily  handled,  but  errors  can  arise  owing  to  alterations  in  the 
length  of  the  cord  caused  by  soaking  in  the  water.  In  really  accurate  work 
it  will  be  found  that  this  alteration  is  not  uniform  over  the  whole  length  of  the 
cord,  and  that  frequent  checking  is  essential.  In  some  cases  this  has  led  to 
the  ose  of  piano  wire,  in  place  of  hemp  cord.  The  greater  accuracjf  thus 
obtained  is  undeniable.  Wire  should  always  be  employed  in  swift  rivers  where 
the  velocity  is  sufficiently  high  to  require  a  heavy  weight.  If  a  hemp  cord  is 
then  used,  the  thick  rope  is  caught  by  the  water,  and  the  depth  observed 
exceeds  the  truth. 

In  ordinary  cases,  however,  the  fa/A  that  a  comparatively  unskilled  man  can 
handle  the  cord  is  of  great  advantage  ;  and  although  the  varying  corrections 
entail  somewhat  greater  labour  on  the  part  of  the  observer,  1  believe  that  the 
cord  is  really  the  more  practical  method,  except  possibly  in  a  very  rapid 
stream. 

The  weight  used  for  carrying  the  sounding-line  to  the  bottom  is  a  very 
important  portion  of  the  apparatus,  especially  in  the  case  of  swift  streams. 
The  most  common  form  adopted  is  a  frustrum  of  a  cone,  weighing  about  three 
pounds.  This  is  easily  handled,  and  may  be  used  in  streams  with  a  current 
not  exceeding  3  to  4  feet  per  second. 

For  more  rapid  streams,  soundings  made  with  such  a  weight  usually  over- 
estimate the  depth,  and  the  torpedo -shaped  sinker  shown  in  Sketch  No.  7  should 
consequently  be  employed.  This  is  by  no  means  easy  to  use,  but  the  greater 
accuracy  obtained  justifies  the  time  expended  in  training  the  leadsman. 

In  very  rapid  and  deep  streams,  even  40-lb.  weights  of  the  above  form 
are  insufficient,  and  some  device  in  the  nature  of  a  pulley  fixed  in  the  bows  of 
ibe  observer's  launch  becomes  necessary.  The  problem  is  a  difficult  one,  and 
as  yet  it  has  not  been  satisfactorily  solved. 

In  sounding  a  rapid  river  some  ditKculty  may  be  experienced  through  the 
water  banking  up  against  the  pole.  The  best  method  is  to  put  the  pole  on 
the  bottom,  and  then  withdraw  it  until  its  lower  end  just  dips  in  and  out  of 
ibe  waves.  The  distance  which  the  pole  is  raised  in  order  to  effect  this,  as 
measured  against  a  fixed  point  on  the  bridge,  or  against  the  support  from 
whidi  the  sounding  is  taken,  gives  the  depth  unafiecied  by  any  banking  up 
of  the  water,  due  to  currents. 

The  determination  of  the  position  of  each  sounding,  and  its  correction  for 
the  rise  or  fall  of  the  river  during  survey,  is  the  business  of  a  surveyor,  and 
will  not  be  discussed. 

In  small  streams,  it  is  usual  to  stretch  a  cord  across  from  bank  to  bank  and 
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ta  detennine  th«  depth  at  equal  intervals  along  the  cord.  The  meaa  of  three 
such  cross-sections  at  intervals  of  say  50,  or  100,  feet  along  the  course  of  the 
stream  is  taken  as  the  cross -section.  In  large  rivers,  the  points  at  which  the 
.  depths  are  observed  are  usually  fixed  by  observations  taken  with  a  theodolite, 
and  two  observers  are  then  required. 

I  may,  however,  remark  that  very  accurate  determinations  may  be  made 
even  in  wide  rivers,  by  the  use  of  a  sextant,  and  the  two  angle  method.  Only 
one  skilled  observer  is  then  required.  In  my  own  practice  I  have  found  that 
this  nautical  system  is  most  ci 
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Torljedo  Sinker. 

Skbtch  No.  7.— Torpedo-shaped  Sinker. 


The  flow  of  water  in  Nature 
page  11.    Such  iriegviarities 


ISREGULASITy  IN  THK  FLOW  OF  WATER. 
is  always  irregular,  or  turbulent,  as  defined  o: 

affect  the  indications  of  all  instruments  used  to  observe  the  velocity  of  the 
^ater  to  a  greater  or  less  degree.  Thus,  except  in  laboratory  observatians, 
where  special  precautions  are  taken  to  regularise  the  flow,  it  is  necessary  to 
consider  the  errors  which  may  thus  be  introduced.  The  following  discussion 
is  only  approximate,  and  the  figures  given  are  in  reality  only  relative,  since  it 
is  believed  that  the  matter  is  fundamental  in  all  hydraulic  measurements,  other 
than  those  of  a  gravimetric  or  volumetric  nature. 
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If  we  merely  consider  tbe  forward  velocity  (i.e.  the  compooflnt  parallel  to 
the  main  direction  of  the  stream),  momentary  variations  amounting  to  20  per 
cent  of  the  mean  velocity  will  be  found  at  those  points  where  tbe  motion  is 
steadiest ;  and  near  the  bottom  the  variations  exceed  ;o  per  cent,  (see  Sketch 
No.  2).  These  figures  are  less  than  the  true  values,  since,  the  inertia  and  friction 
of  whatever  instrument  is  employed  to  observe  the  velocities  must  tend  to 
diminish  the  irregularities.  It  is  therefore  plain  that  the  forward  velocity  at 
any  given  point  (which  in  fiiture  will  be  termed  the  velocity  at  that  point),  can 
never  be  ascertained  by  one  observation  only,  and  its  mean  value  mast  be 
obtained  by  averaging  a  large  number  of  the  momentary  values. 

This  Averaging  can  be  effected  mechanically,  as  in  the  case  of  the  current 
meter,  which  indicates  the  mean  velocity  over  the  whole  filament  that  passes 
through  the  vanes  during  its  ran  {tj.  a  cylinder  say  3  inches  in  diameter, 
»nd  over  100  feet  long) ;  or  by  means  of  the  rod  float  which  moves  with  a 
velocity  nearly  equal  to  the  mean  of  the  velocities  existing  in  the  column  of 
water  surrounding  it  (which  is  probably  not  a  circular  cylinder,  but  a  more  or 
>ess  elongated  elliptical  cylinder).  The  mean  velocity  can  also  be  obtained 
arithmetically,  as  when  the  average  of  the  velocities  of  a  certain  number  of 
mface  floats  is  taken.  The  problem  is,  in  fact,  of  exactly  the  same  character 
as  that  discussed  in  connection  with  rainfall  (see  p.  176). 

If  the  forward  velocity  at  one  point  in  the  cross-section  of  a  large  stream  be 
required,  the  observations  of  Cunningham  {Roorkee  Hydraulic  Experimenit) 
indicate  that  the  difference  between  the  means  of  the  velocities  of  2;  and 
SO  «msecutive  floats  is  not  likely  to  exceed  0-05  foot  per  second.  Thus,  at 
least  35  float  observations,  or  Pilot  tube  readings,  would  be  required  to  ascer- 
tain the  velocity  with  an  accuracy  of  i  per  cent.  In  cases  where  the  instrument 
itself  el!iM:ts  a  certain  amount  of  averaging,  a  smaller  number  of  separate 
observations  will  suflUce. 

In  discharge  observations,  however,  the  velocity  at  any  one  point  is  not  a 
very  important  &u;tor,  and  such  tedious  repetitions  are  not  required.  The 
following  rules  are  adopted  in  practice : 

For  Current  MeUrs.—^m  all  practical  ptuposes  a  run  of  three  minutes 
gives  the  velocity  at  the  point. 

For  Red  Floats.— "Dm  mean  of  the  velocities  of  five  floats,  which,  during 
ibeir  path  through  the  length  over  which  the  velocity  is  observed,  move  in  a 
direction  which  is  approximately  parallel  to  the  general  direction  of  the 
stream,  is  assumed  to  be  the  mean  velocity  over  the  depth  occupied  by  the 
fioat. 

A  good  deal  of  doubt  exists  in  the  case  of  surface  floats.  The  results  of 
some  systematic  observations  are  given  on  p^e  43. 

In  view  of  the  fact  that  the  method  of  surface  floats  requires  the  selection 
of  a  mulriplicr  in  order  to  reduce  the  observed  velocity  to  the  mean,  the  mean 
velocity  obtained  by  five  float  observations  per  point  is  ixobably  sufficiently 
accurate  for  practical  purposes. 

These  rules  have  no  very  great  observational  basis,  and  in  reality  they 
tepreient  the  amount  of  time  which  experience  shows  can  be  devoted  to 
ascertaining  the  velocity  at  any  one  point.  They  should  not  therefore  be 
Uindly  applied.  Unless  some  special  reason  exists  which  tenders  the  accurate 
dttermiiiation  of  the  velocities  desirable,  it  is  probably  better  to  obtain  a  valtie 
of  the  average  velocity  daring  a  short  period  at  each  individual  point  as  rapidly 
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as  possible,  and  to  devote  the  time  thus  saved  to  observing  the  short  period 
average  velocities  at  more  numerous  points. 

The  matter  can  be  best  illustrated  by  an  example.  Consider  a  channel 
60  feet  wide.  The  usual  process  of  measuring  the  discharge  would  be  to  t&ke 
10  soundings,  6  feet  apart,  across  the  canal,  and  to  observe  the  depths  at 
intermediate  points  wherever  the  10  origiital  soundings  indicate  irregularities 
in  the  bed.  The  mean  velocities  over  the  10  original  verticals  would  then  be 
determined  by  one  or  other  of  the  methods  given  later.  In  ordinary  work, 
whether  by  current  meter  or  by  float,  the  velocities  thus  obtained  would  usually 
be  averages  over  periods  of  3  to  5  minutes ;  or  averages  over  a  larger  area 
(due  to  the  floats  not  running  in  exactly  the  same  paths)  for  a  somewhat  shorter 
period,  as  in  rod  float  work.  If  the  work  is  accurately  carried  out,  it  is  probable 
that  the  individual  mean  velocities  obt^ned  by  repeating  the  work  over  the 
same  verticals  will  differ  by  5  or  6  per  cent  from  those  previously  obtained.  On 
the  whole,  however,  some  differences  being  positive  and  others  negative,  the 
discharges  calculated  from  the  two  sets  of  observations  should  not  differ  by 
more  than  i  or  2  per  cent.  Now,  the  mean  velocities  on  two  consecutive 
verticals  may  differ  by  as  much  as  10  per  cent,  even  whan  these  means  are 
long-period  averages.  It  is  therefore  probable  that  better  results  could  be 
attained  in  either  set  of  observations  by  observing  the  mean  velocities  during 
half  the  period  of  3  to  j  minutes  over  \1  verticals  ;  since  the  two  discharges 
would  probably  agree  quite  as  accurately  as  when  the  velocities  on  6  verticals 
only  were  observed,  and  the  chances  of  missing  a  marked  irregularity  in  tbe 
flow  of  the  stream  would  be  greatly  minimised.  Such  practical  tests  as  I  have 
been  able  to  effect  confirm  this  view.  The  experiments  were  carried  out  with 
rod  floats  in  fairly  regular  channels  (Baiin's  y=  I'S,  or  Kiitter's  ji=oo2o). 

The  real  quesdon  is  whether  it  is  more  important,  to  eliminate  tbe  effects  of 
the  momentary  irregularities  in  the  velocity  at  individual  points,  or  to  discover 
permanent  differences  between  the  mean  velocities  which  prevail  over  adjacent 
portions  of  the  cross-section  of  the  stream  (see  p.  13).  The  matter  deserves 
careful  consideration  whenever  a  )>ermaaent  gauging  station  is  installed  ;  and 
in  such  cases  the  velocities  and  depths  obtained  in  the  early  observations 
should  be  plotted,  and  the  graphs  should  be  studied  for  indications  of 
sudden  and  permanent  differences  in  the  velocities  at  points  close  to  one 
another. 

My  own  studies  indicate  that  while  it  is  desirable  to  observe  tbe  point 
velocities  with  great  accuracy  in  this  preUminary  work,  routine  gauging!  are 
best  effected  by  quick  determinations  of  the  velocities  at  as  many  points  as 
possible,  the  points  being  selected  so  as  to  represent  the  areas  in  which  the 
preliminary  studies  show  that  permanent  differences  are  most  likely  to  exist. 

1  believe  that  this  principle  is  applicable  to  all  discharge  observations 
without  exception,  and  there  is  little  doubt  that  no  engineer  accustomed  to 
gauge  earthen  channels  or  natural  streams  will  dispute  it  Exceptions  may 
occur  in  laboratory  work,  or  when  observers  of  great  skill  are  gauging  extremely 
smooth  and  regular  channels.  For  example,  Francis  (see  p.  58)  appears  to 
have  been  satisfied  with  far  less  closely  spaced  rod  float  observations  in  smooth 
channels  than  I  should  be  disposed  to  make. 

CftUbration  of  Instruments  (General  Principleg).— The  term  caJibradon  is 
used  to  denote  the  process  of  comparing  the  indications  of  an  instrument  with 
the  true  values  of  the  quantity  which  it  is  proposed  to  observe. 
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In  disciusing  the  calibration  of  the  iuatnunents  for  obsenrii^  the  velocity 
of  water,  the  precautions  which  are  necessary  in  order  to  eliminate  the 
eflcct  of  irregularities  in  the  flow  of  the  vater  as  it  occurs  in  Nature  require 
coasideiation. 

The  indications  given  by  any  instrument  are  (to  a  greater  or  less  degree) 
dependent  on  its  construction,  and  on  the  irregularity  of  the  flow  of  the 
water. 

Calibration  is  usually  effected  by  moving  the  instrument  through  still  water, 
at  a  measured  velocity.  Thus,  the  calibration  takes  place  under  circumstances 
which  are  probably  equivalent  to  a  water  motion  which  is  entirely  devoid  of 
noticeable  irregolaritLes  of  velocity ;  hence,  a  considerati(»)  of  the  probable 
effects  of  the  irrcgnlarity  of  the  motion  of  running  water  in  which  the  instnl- 
ments  are  used  is  necessary. 

The  irregularities  of  velocity  distribution,  both  as  regards  the  momentary 
variations  erf  velocity  at  a  fixed  point,  and  as  regards  the  permanent  differences 
between  the  mean  velocities  at  points  close  to  one  another,  increase  in  pro- 
portion to  the  size  of  the  cross-section  of  the  channel  and  the  roughness  of 
its  sides  and  bed.  It  is  probable  that  each  stream  has  its  own  peculiar 
constitution  which  governs  the  degree  and]  character  of  the  irregularity  of 
the  flow. 

We  do  not,  except  in  very  rare  circumstances,  wish  to  measure  the 
momentary  variations  of  the  velocity.  We  require  to  ascertaio  the  mean 
result  {fa.  the  mean  local  velocity,  as  defined  on  p.  ii,  or  its  direction)  as 
quickly  as  possible,  apart  from  variations ;  and  all  methods  of  calibration 
essentially  consist  in  comparing  the  indications  of  the  instrument  with  this 
mean  value  as  obtained  by  some  other  process.  In  a  well  designed 
instrument  momentary  oscillations  are  prevented,  or  the  indicatiDns  are  so 
damped  that,  as  a  rule,  the  irregularities  in  the  quantity  observed  do  not 
produce  visible  fluctuations  in  the  reading,  and  an  average  result  is  alone 
indicated. 

We  cannot,  however,  ignore  the  fact  that  it  is  quite  jMssible  that  the 
total  effect  of  the  irregularities  may  influence  this  average  reading  of  the 
instmment. 

So  far,  it  must  be  confessed,  our  knowledge  of  hydraulics  is  not  sufficiently 
precise  to  allow  other  than  general  statements  to  be  made  on  the  question. 
For  instance,  it  is  permissible  to  state  that  the  present  method  of  calibrating 
current  meters  by  moving  them  through  still  water,  is,  theoretically  speaking, 
defective  ;  but  the  method  n  justified  by  the  fact  that  the  results  obtained  are 
sufficiently  accurate  for  practical  purposes. 

As  our  knowledge  of  hydraulics  advances,  many  of  the  uncertainties  which 
at  present  exist  will  undoubtedly  be  recognised  as  caused  by  a  lack  of  sufficient 
care  in  calibrating  instruments  under  conditions  similar  to  those  existing  during 
their  practical  use. 

The  matter  ts  probably  of  most  importance  in  the  case  of  Pitot  tubes, 
where  we  can  at  present  state  that  the  coefficients  obtained  by  motion  through 
still  water  may  differ  by  as  much  as  5  per  cent,  from  those  obtained  by  observing 
the  mean  velocities  at  different  points  in  the  cross-section  of  a  stream,  and 
comparing  the  discharge  thus  obtained  with  the  discharge  determined  by  a 
■dr,  or  volumetric  observation. 

This  class  of  error  is  difficult  to  discover,  for  the  irregularities  in  (low  are 
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most  marked  in  streams  of  krge  volume,  and  the  greatest  dischMje  that  has 
ever  been  measured  volumetrically,  or  over  an  accurate  weir,  does  not  at 
present  exceed  300  cusecs.  Hence,  a  careful  observer  is  quite  justified  in  going 
to  some  exlra  trouble  and  expense  in  attempting  to  carry  out  the  cahhaatioo 
observations  under  circumstances  as  closely  resembling  practical  conditions  as 
possible. 

Thus,  instruments  for  use  in  pipes  should  be  calibrated  tn  water  moving^ 
through  a  pipe,  or  in  asmooth  channel  (even  although  of  a  different  size  from 
those  in  which  they  are  to  be  used),  in  preference  to  still  water. 

If,  for  lack  of  the  necessary  opportunities,  calibratitm  must  be  carried  out  in 
still  water,  it  is  plainly  advisable  to  calibrate  instnunents  intended  for  shallow 
streams  in  shallow  water,— and  vice  versa  ;  while  any  opportunity  of  checking 
an  actual  gauging  in  moving  water  volumetrically,  or  bjr  standard  weir 
measurements,  should  be  taken. 

A  careful  comparison  between  a  current  meter  and  a  weir,  or  other  accurate 
gauging  of  a  large  river,  is  one .  of  the  most  urgent  requirements  of  the 
present  day. 

The  following  figures  show  the  errors  which  are  likely  to  occur  in  good  work 
when  large  streams,  or  small  rivers,  are  gauged. 

So  far  as  is  possible  only  the  effects  of  irregularities  in  motion  are  now 
referred  to,  and  the  question  of  the  errors  caused  by  imperfections  in  the 
instruments  themselves  is  discussed  separately. 

Current  Meiers.— M\xifhy  (Traits.  Aw,  Soc.  of  C.B.,  voL  47,  p.  370)  Gnds 
that  50  current  meter  gaugings  (where  the  velocities  were  taken  at  one  point 
per  33  square  feet  of  cross- section)  when  compared  with  simultaneous  weir 
gangings,  give : 

Maximum  difference    ....     473  per  cent. 
Minimum  difference    ....     o'i3       „ 
Mean  difference +0-93        „ 

The  observed  discharges  ranged  from  197  to  215  cusecs ;  and  one  of  the 
meters  was  obviously  less  accurate  than  the  others,  since,  if  only  the  two  most 
reliable  instruments  are  considered,  the  mean  difference  is  074  per  cent. 

Allen  (ibid.,  vol.  66,  p,  131),  gives  six  observations  of  a  similar  character,  as 
follows : 

Maximum  difference      ....     3     per  cent. 
Minimum  difference      .        .        .,05        „ 
Mean  difference    ,        .        .        ;  Under  3  „ 

A  theoretical  estimateof  the  effects  of  irregularities  in  the  absolute  magnitude 
of  the  velocity  can  be  made  as  follows  : 

Let  v=an+d,  be  the  rating  formula  of  the  current  meter  (see. p.  49). 

Let  the  water  flow  with  a  velocity  equal  to  v^,  for  /]  seconds,  and  then  at 
a  velocity  i/„  for  f,  seconds.  The  total  number  of  turns  recorded  on  the  dial 
of  the  meter,  is 

The  true  mean  velocity  is  ^-y       *  *~v„  say, 
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and  the  velocity  deduced  from  the  readings  is : 

,.."-f^  +  «"{^^'  -  -1-}+* 

So  that,  assuming'  the  rating  curve  is  of  the  above  form,  variations  in  the 
absolute  magnitude  of  the  velocities  do  not  affect  the  results. 

For  rating  curves  of  any  other  form,  the  effect  of  similar  irregularities  may 
be  calculated  for  any  given  case  ;  but,  since  a  rating  curve  of  the  formi'=iiw+i, 
iepresent5  the  results  of  calibration  with  sufficient  accuracy,  it  appears  unneces- 
ur7  to  go  through  the  work. 

The  question  is  somewhat  more  complicated  when  irregulariiies  or  variations 
in  the  direction  of  the  velocity  are  considered.  If  the  axis  of  meter  makes  an 
angle  &  with  the'  true  direction  of  the  velocity,  it  records  a  velocity  which  is 
approximately  equal  to  vcos  0,  and  for  tf-cjodegrees,  this  would  be  94  percent, 
of  the  true  velocity.  Actually,  the  meter  swings  to  and  fro  with  the  current, 
and  may  be  assumed  to  follow  the  momentary  direction  of  the  current  faiily 
closely,  since  its  inertia  is  but  small.  Thus,  we  may  assume  that  the  meter 
records  slightly  less  than  the  average  of  the  velocities  at  the  point  of  observation 
(without  respect  to  direction).  As  we  usually  wish  to  observe  only  the  forward 
Tcknty  (since  that  is  the  important  factor  in  discharge  observations),  it  is  possible 
that  the  meter  will  record  slightly  more  than  the  forward  velocity.  The  meters 
used  by  Murphy  {ut  supra)  recorded  more  than  the  weir  discharge  in  34  cases, 
with  an  average  error  of  +1-94  per  cent ;  and  less  than  the  weir  discharge  in 
16  cases,  with  an  average  error  of  —0*91  per  cent.,  so  that,  so  far  as  these 
observations  go,  the  above  theory  is  confirmed. 

As  these  observations  were  taken  in  a  very  regular  channel,  they  are  likely 
to  be  less  affected  by  variations  in  the  direction  of  velocity  than  those  obtained 
by  a  current  meter  in  natural  streams. 

The  ai^le  through  which  the  meter  swings  may  be  considered  to  roughly 
indicate  the  I  possibilities  of  error.  So  far  as  I  have  been  able  to  observe, 
iwings  in  exces;  of  30  degrees,  i>,  1 5  degrees  on  either  side,  corresponding  to 
a  possible  maximum  error  of  3-5  per  cent.,  are  unusual.  It  must  be  noted  that 
a  study  of  the  variation  of  absolulel  velocities  shows  {e.g.HiK  curves  given  in 
Sketch  No.  2)  thai  the  greater  irregularities  occur  near  the  bottom  of  the 
stream,  where  it  is  hard  to  see  what  the  meter  is  doing. 

While  the  above  investigations  appear  to  confirm  the  general  accuracy  of 
eutrent  meters,  they  are  certainly  defective  in  one  respect,  and  possibly  in 
scveraL  They  take  no  account  of  the  probability  of  velocities  varying  both 
in  magnitude  and  direction  at  difiisrent  points  on  the  vanes  of  the  meter. 
If  the  motion  of  a  stream  which  bears  so  little  silt  that  individual  particles 
are  visible,  is  observed,  the  possibility  of  such  differences  is  evident ;  and,  as 
already  stated,  we  can  usually  only  inAstigate  the  surface  portion  of  the  stream, 
which  is  known  to  be  least  subject  to  irregularities- 

Sod  .f/ua/f.— The  effect  of  irregularities  in  motion  is  probably  quite  as 
itiatked  on  rod  floats  as  in  the  case  of  a  current  meter.  In  actual  practice, 
however,  those  observations  which  are  most  influenced  by  irregularities  in 
direction  are  rejected,  since  floats  the  paths  of  which  markedly  diverge  from  the 
general  direction  of  the  current,  are  condemned,  and  only  the  results  obtained 
by  "^r  runs"  are  recorded. 


Digitized  by  GtXlglc 


4S  CONTROL  OF  WATER 

It  should  be  noted  that  the  percentage  of  floats  which  make  bir  runs  is  fiir 
less  in  Urge  rivers  than  in  small  streams. 

We  may  therefore  consider  that  the  automatic  averaging  obtaitted  in  deeper 
channels,  where  the  longer  rod  floats  are  affected  by  a  greater  volume  of  water, 
does  not  entirely  compensate  for  the  increased  irregularity  of  the  motion  of  the 
water.    The  probable  errors  of  gaugings  by  rod  floats  ore  tabulated  on  page  S9- 

Since,  in  really  first  class  work,  the  probable  error  caused  by  incorrect  timing 
of  the  runs,  and  sounding  of  the  stream,  does  not  greatly  exceed  i  per  cent^  we 
may  considier  that  a  large  fraction  of  the  excess  above  I  per  cent,  which  occurs  in 
the  larger  streams  is  due  to  the  increased  irregularity  in  the  motion.  The  figures 
given  are  applicable  to  very  regular  canals,  rather  than  to  natural  streams  ;  so 
that  the  effect  of  irregularities  is  generally  greater  than  is  indicated  in  the  table. 

Surface  Floatt.Sarface  floats  are  considerably  affected  by  irregularities, 
and  in  the  case  of  a  large  river  it  is  often  almost  impossible  to  obtain  fair  runs. 
Such  figures  as  lo  or  i;  per  cent,  of  fair  runs  only,  ar«  by  no  means  unusually 
poor  results. 

I  have  usually  been  content  with  the  mean  of  5  fair  runs  ;  tnit,  where  time 
permits,  I  have  endeavoured  to  secure  10  fair  runs.  In  93  examples  (where 
I  was  able  to  secure  10  runs  satisfactorily)  I  have  worked  out  the  mean 
surface  velocity  for  the  first  5,  and  also  for  the  first  10  runs,  and  have 
expressed  the  difference  as  a  percentage.  As  might  be  expected,  the  larger 
percentages  are  found  where  the  total  number  of  floats  observed  was  least 
When  5  points  were  selected  for  observation,  the  mean  of  the  surface  vdk>cities 
as  obt^ed  from  3$  floats  shows  a  maximum  difference  of  6  per  cent,  from 
that  obtained  from  50  floats,  and  the  mean  difference  is  3'i  per  cent 

For  50  floats  and  100  floats  ((>.  10  points  observed),  the  maximum  difference 
between  the  mean  velocities  is  4  per  cent,  and  the  mean  difference  is  i'6  per  cent. 

For  the  few  75  and  ijo  float  observations  which  I  have  been  able  to  secure, 
the  maximum  difference  between  the  mean  velocities  is  7  per  cent  (probably 
due  to  a  slight  change  in  the  discharge  of  the  canal),  and  the  mean  difference 
is  3-4  per  cent ;  or,  if  the  doubtful  observation  is  rejected,  y&  per  cent 

Fiiat  Tubes.— In  Pitot  tube  work,  the  effect  of  the  irregul^ty  of  moticm  is 
of  primary  importance  ;  and  it  may  be  stated  that  calibration  in  still  water  is, 
owing  to  this  cause,  subject  to  an  inaccuracy  which  may  exceed  10  per  cent., 
and  which  is  rarely  less  than  3  to  3  per  cent 

Even  this  statement  does  not  fully  disclose  the  possibilitiet  of  error  when  the 
discharge  of  earthen  channels  is  observed.  Woiking  with  a  Pitot  tube,  I 
obtained  the  following  results  : 

{a)  Calibration  in  moving  water  by  traversing  a  semicircular  galvanised 
iron  channel,  and  checking  against  a  triangular  weir,  gave ; 
«'=i-o3  -Jigh 

This  calibration  was  the  result  of  7  discharge  observations,  and  the  tube 
was  read  at  12  points  per  square  foot  of  area.  The  mean  of  3  readings  per  point 
was  taken  as  the  velocity  at  that  point 

(fi)  Calibration  in  a  small  earth  channel  with  a  bed  of  fine  sand,  checked 
against  a  Cippoletti  weir,  gave :  

This  was  the  result  of  7  discharge  observations,  and  the  tube  was  read  at 
6  points  (3  readings  per  point)  per  square  foot  of  area. 
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(f)  Calibration  in  a  channel  with  a  bed  20  feet  wide,  consistit^  of  fine  sand, 
canying  up  to  60  cusecs,  checked  against  chemical  methods,  and  rod  float), 
gave:  , — ^ 

v=Q'f7  "J^gh 

as  the  result  of  18  discharge  observations ;  the  tube  being  read  at  t  point  p«r 
square  foot,  with  3  readings  at  each  point. 

The  system  of  checking  was  very  complete,  the  triangular  weir  being 
volumetrically  verified,  and  the  Cippoletti  weir  being  checked  against  a  series 
of  tri»Dgular  weirs.  In  the  case  of  the  chemical  and  rod  float  detenhinations, 
a  portion  of  the  discharge  was  diverted  over  the  Cippoletti  weir,  and  the 
diflerence  as  indicated  by  chemical  or  float  methods  was  compared  with  the 
weir  readings. 

The  Pilot  tube  was  badly  designed, — but  by  no  means  more  so  than  those 
Qsed  fay  several  other  experimenters, — and  it  would  appear  that  whenever  a 
Pitot  tube  is  employed  to  measure  velocities  in  natural  channels,  very  careful  and 
systematic  calibration  in  moving  water  under  similar  conditions  must  be  made. 

Summing  up,  aad  bearing  the  possible  errors  in  timing  and  sounding 
carefully  in  mind,  we  may  state  as  follows ; 

The  current  meter  and  rod  float  are  probably  not  affected  by  the  irregul- 
arities of  the  flow  to  such  an  extent  as  to  materially  influence  the  results.  The 
present  evidence  suggests  that  the  discharge  obtained  by  a  current  meter  is 
likely  to  be  slightly  greater  than  the  truth.  The  rod  float  also,  as  will  be  seen 
later,  usually  overestimates  the  discharge. 

The  surface  float  is  only  useful  when  the  observations  at  each  point  are 
systonalically  averaged  ;  and,  where  posuhle,  10,  rather  than  5,  foir  runs  sbonld 
be  obt^ed  at  each  point,  or,  still  better,  the  points  at  which  the  velocities  are 
observed  should  be  very  closely  spaced. 

The  Pitot  tube  is  liable  to  appreciable  errors,  which  can  probably  be 
diminished  by  careful  design,  but  which  at  present  cause  it  to  be  unreliable 
when  used  in  any  channels  except  those  which  are  very  regular  and  smooth. 

The  possible  errors  indicated  above  will  evidently  affect  all  meanirements 
to  much  the  same  degree,  .and  will  only  be  discovered  by  weir  or  volumetric 
checking.  When  considering  their  importance,  it  should  be  remembered  that 
an  engineer  is  probably  more  concerued  with  the  relative  than  with  the 
absolute  accuracy  of  his  various  results.  Hence,  a  constant  error  will  seldom 
lead  to  confitsion,  even  if  its  existence  is  undetected. 

Calculation  of  the  DisCHAROE.—The  velocity  at  any  point  has  been 
defined  on  page  9. 

Assuming  that  the  observations  have  been  taken,  and  that  the  cahbration 
of  the  instrument  is  carried  out  in  such  a  manner  as  to  eliminate  the  effects  of 
irr^ularities  both  in  the  absolute  magnitude,  and  in  the  direction  of  the  velocity, 
the  quantity  of  water  passing  through  a  small  element  of  the  area  of  the  cross* 
section  of  the  stream  is  given  by  the  equation  : 

where  a,  is  the  elementary  area  in  square  feet,  and  v,  is  the  velocity  normal  to 
the  area  in  feet  per  second. 

The  total  discharge  of  the  stream  is  given  by  the  equation  : 
Qs'Si'a  cusecs 

A  study  of  the  rate  at  which  the  observed  values  of  v,  vary  fix«n  point  to 
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point  will,  in  any  given  case,  permit  a  selection  to  be  made  of  the  site  of  the 
partial  areas  typified  by  a,  wbich  will  render  this  equation  sufficiently  correct 
for  practical  purposes.  The  usual  practical  rules  are  given  on  page  52  ;  and, 
as  aJready  indicated,  it  is  probable  that  in  most  cases  too  much  attention  is 
deroted  to  eliminating  the  momentary  variations  In  v,  and  consequently  tfae 
partial  areas  are  larger  than  they  should  be. 

If  short  intervals  of  time,  such  as  one-tenth  of  a  second,  are  considered,  so 
that  V,  is  a  momentary  velocity,  and  irregularities  are  not  eliminated,  the 
elementary  discharge  given  by  the  fii^t  expression  may  vary  between  o'^oq  and 
i'5c^.  Even  in  the  case  of  such  periods  as  20  seconds,  it  is  probable  that  g 
varies  as  much  as  10  per  cent.,  if  it,  be  a  stnall  fraction  of  the  total  cross-section 
of  the  stream. 

The  equation :  0=AV 

where  A,  is  the  total  areaofthecross-section,  and  Q,  is  the  total  discharge  of  the 
stream,  averted  over  a  period  of  sufficient  length  to  eliminate  the  dfcct  of 
irregularities,  may  be  considered  as  definiog  V^,  the  mean  velocity  of  the  stream. 
A  similar  equation  defines  Vn,  the  mean  velocity  over  any  portion  of  the  wholtf 
area  A. 

This  expression  "sufficiently  long,"  as  applied  to  intervals  of  time  in  the 
above  definitions,  cannot  be  exactly  defined.  I  believe  Uiat  in  small  streams  it 
maiy  be  as  small  as  ;  seconds  ;  while  in  large  rivers,  there  is  a  certain  amount 
of  evidence  to  show  that  it  may  be  as  many  minutes.  The  question,  however, 
ignot  of  practical  importance,  since  no  method  of  gauging  in  which  the 
velocities  are  measured  is  so  rapid  as  to  permit  of  Q,  being  ascertained  in  art 
interval  less  than  at  least  ten  times  the  "  sufficiently  long  period."  It  is  also 
quite  possible  that  my  estimates  of  5  seconds  and  s  minutes  are  excessive. 

Actual  observations  on  the  distribution  of  velocity,  as  defined  on  p.  u,  over  a 
cross-seaion,  show  that  it  varies  from  point  to  point,  in  accordance  with  more  or 
less  regular  laws.  The  dischai^  of  a  stream  may  be  geometrically  represented 
by  a  solid  with  no  marked  irregularities,  constructed  on  the  cross-section  of 
the  stream  as  base,  the  height  at  each  point  being  proportional  to  the  velocity. 

The  obvious  method  of  determining  the  discharge  is  therefore  to  plot  curves 
of  equal  velocity  at  frequent  intervals  over  the  cross-section,  to  ascertain  the 
areas  contained  by  these  curves,  and  to  multiply  each  area  by  the  velocity  that 
exists  across  it.  We  thus  get  a  series  of  terms,  the  sum  of  which  represents 
the  total'  discharge  of  a  stream. 

Such  methods  were  actually  employed  by  Hadacher  and  others,  and  Sketch 
No.  S  shows  an  example. 

The  labour  entailed  is  obvious,  and  it  is  plain  that  unless  the  points  at  which 
the  velocity  observations  are  taken  are  very  closely  spaced,  the  curves  of  equal 
velocity  may  differ  greatly  from  the  truth.  In  feet,  the  process  is  almost  as 
subject  to  error  as  contour  lines,  drawn  by  a  draughtsman  who  had  not  seen 
the  natural  ground,  would  be. 

Thus,  for  ordinary  discharge  observations,  some  method  which  is  less 
dependent  upon  personal  opinion  must  be  employed.  The  method  usuaUy 
adopted  in  practice  is  that  of  "  mean  velocities  over  verticals."  This  is  a  con- 
venient process,  and  is  liable  to  but  small  errors.  Theoretically,  it  is  as 
accurate  as  the  accuracy  of  the  individual  observations  justify.  It  may,  how- 
ever, be  stated  that  the  same  observations  can  be  made  to  produce  results 
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which  differ  to  th«  extent  of  5  per  cent^  or  more,  by  seleciing  one  or  other  of 
ibe  fonnulse  given.  Thus,  when  working  up  observations  the  underlying  as- 
somptioDS  must  be  carefully  borne  in  mind,  and  the  information  obtained  by 
detemiiniDg  the  dischargefromthesaroeset  of  obscrvationsby  ail  fourformukc, 
ud  comparing  the  results,  fonns  a  very  valuable  check  on  the  methods 
adopted  in  selecting  the  points  at  which  the  velocities  were  observed.  If 
differences  much  in  excess  of  2  per  cent  exist,  the  points  have  not  been 
sufficiently  closely  spaced. 

The  velocity  observations  are  taken  in  sets  arranged  in  vertical  lines  ;  and 
the  mean  velocity  in  each  of  these  verticals  is  obtained  either  graphicaUy  or 
arithmetically,  and  is  termed  the  mean  velocity  over  that  vertical  (see  p.  52). 

Contour  Cuiyes  of  klxity 
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Skrtch  No.  8.— Contour  Curves  of  Velocity  in  a  Channel. 


Assiuning  then  a  series  of  soundings, : 
of  the  water  at  a  series  of  points  sfiaced  a 
perpendicular  to  the  general  flow  of  the  1 
velocities  over  the  verticals  (/[,  d^,  d^,  any 
employed : 


o  that  di,  </„  di,  etc^  are  the  depths 
a  distance  /  feet  apart  along  a  line 
ver,  and  that  Wi,  v^,  v^  are  the  niean 
me  of  the  following  formnlse  may  be 


(ii)    q='i-^^*-'^-^' v^l 

(iii)    Calcnlate».i=!:i±^*,and<^=^': 

(iv)    Calculate  ..=^^^±4|1±B,  and  rf„=^±^^«;. 
Q-3  v^il 


Digilzed  by  Google 


46 


CONTROL  OF  WATER 


It  will  be  plain  that  /,  need  not  necessarily  be  constant,  the  only  modification 
required  being  that  '*  "^  is  substituted  for  /,  where  1^%  and  /,«  are  the 
distances  from  d^,  to  d\,  and  d^  respectively.  So  also,  if  the  direction  of  the 
line  of  soundings  is  not  perpendicular  to  the  ^eneiBl  direction  of  the  river,  we 
must  put  /]a  =  L]|  sin  ^,  where  Lu,  is  the  distance  between  two  consecutive 
points,  and  Lu,  makes  a.n  angle  0  with  the  direction  of  the  flow  of  the  water. 

The  fonnulfe  are  deduced  under  various  assumptions  as  to  the  manner  in 
which  the  mean  velocities  and  depths  vary  across  the  stream  (see  Sketch  No.  9). 

In  (i)  we  assume  that  the  velocities  and  depths  vary  by  sudden  steps,  the 
change  occurring  half-way  between  the  verticals  where  the  observations  are 
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Skbtck  No.  9. — Diagr 


made  la  dedudi^  Discharge 


taken.  This  assumption  is  no  doubt  open  to  criticism,  but  1  believe  that  in 
practice  the  error  introduced  is  inappreciable. 

In  (ii)  we  assume  that  the  velocities  vary  by  steps,  the  change  occurring 
half-way  between  the  verticals  as  before,  but  that  [he  stream  bed  is  composed 
of  straight  lines,  joining  the  bottom  of  d%,  to  the  bottom  of  d',^  and  d^.  I  cannot 
see  that  this  assumption  possesses  sufficient  theoretical  advantages  to  justify 
the  additional  labour  entailed. 

In  (iii)  the  adjacent  velocities  and  depths  are  averaged,  the  assumption 
being  that  both  the  depths  and  velocities  vary  as  ordinates  to  straight  lines. 
So  far  as  theory  can  assist,  the  results  are  neither  better  nor  worse  than  those 
of  (i).  It  is,  however,  a  very  convenient  method  of  obtaining  the  discharge 
through  areas  of  the  channel  near  the  banks  where  the  soundings  are  not 
equally  spaced.     Personally,  I  have  been  accustomed  to  use  the  equation  in 
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cases  wbere  the  depths  or  velocities  at  consecutive  points  vary  rapidly,  but  I 
do  not  pretend  that  this  practice  has  the  slightest  theoretical  fdundation. 

In  (iv)  the  bed  of  the  stream  and  the  mean  velocity  curves  are  assumed 
to  be  composed  of  parabolic  arcs ;  and  in  contrast  with  the  other  formuke, 
each  term  of  the  summation  expresses  the  d'ischarg'e  over  a  length  il,  in  place 
of  I.  This  assumption  agrees  fairly  closely  with  actnal  oboervattons.  This 
formula,  therefore,  may  be  regarded  as  standard,  and  in  considering  the 
labour  involved  in  its  application,  notice  should  be  taken  of  the  fact  that 
only  half  the  number  of  multiplications  occurring  in  the  other  fomiulBe  ar« 
BOW  requited. 

In  any  given  case,  a  study  of  the  observations  of  vdocity  and  depth, 
enables  ui  to  detcrmme  the  assumption  that  most  closely  coincides  with  ^ut 
^ts,  and  so  to  select  the  best  formula. 

As  a  rule,  (i),  with  an  application  of  (iii),  or  (iv),  near  any  marked  irreguj- 
uilies,  leads  to  satisfactory  results.  It  is  as  well  to  beax  in  mind  that  the 
usual  observations  for  discharge  are  not  so  accurate  as  to  justify  any  great 
refinement  in  mathematical  treatment  by  an  over-laborious  formula,  which 
may  give  rise  to  arithmetical  errors  of  fiir  greater  magnitude. 

A  skilled  computer  will  probably  select  formula  (iv)  as  standard,  but  he 
must  remember  that  systematic  gaugings  necessitate  computations  bdng 
peribrmed  on  the  spot,  by  men  who  are  but  little  accustomed  to  other  than 
the  Dsual  arithmetical  processes.  Such  men  can  rarely  do  more  than  handle 
formula  (i),  and  if  other  formuls  are  used  in  impiortant  gaugings,  1  believe 
Ihat  it  ii  best  to  permit  the  observer  to  select  the  type  which  appeari  to 
most  closely  fit  the  actual  observations.  The  methods  of  obtaining  the  values 
of  V,,  v^,  %,  etc,  are  discussed  under  the  headings  Current  Meters,  Rod 
Floats,  etc. 

Current  Meters. — The  essential  portions  of  a  current  meter  consist  of  a 
wheel,  or  screw,  which  is  set  in  rotation  when  the  meter  is  immersed  in  moving 
water,  and  a  counting  apparatus  which  records  the  number  of  reTOlutions 
produced. 

The  whole  apparatus  is  usually  mounted  on  pivots,  and  is  provided  with 
a  tail  vane.  The  rotating  portion  of  the  apparatus  is  thus  directed  so  as 
always  to  be  influenced  by  the  maximum  velocity  at  the  point  where  the 
observations  are  made. 

In  modem  forms  of  current  meters  many  complications  are  introduced  in 
order  to  secure  sensitiveness  and  accuracy.  The  rotating  parts  are  made 
hollow,  and  their  weight  is  adjusted  so  that  it  is  water-borne,  and  the  recording 
apparatus  is  electrical.  Thus,  the  bearing  friction  is  greatly  reduced.  So 
^50,  shields  and  guides  are  placed  so  as  to  protect  the  wheel  from  the  impact 
of  drift ;  and,  in  some  cases,  to  prevent  oblique  currents  in  the  water  from 
affecting  the  records. 

It  is  not  proposed  to  describe  these  details.  As  a  general  rule,  most 
current  meters  are  somewhat  too  sensitive  for  engineers'  field  work,  and  as 
a  personal  expression  of  opinion  I  am  accustomed  to  select  the  simplest 
possible  form,  to  calibrate  it  carefully,  and  to  use  it  roughly,  but  frequently, 
in  the  field ;  on  cbe  principle  that  twenty  fairly  concordant  gaugings  are 
more  useful  than  five  taken  with  extreme  accuracy.  In  all  cases,  however, 
it  is  desirable  to  systematically  test  every  current  meter  for  errors  produced 
bf  oblique  currents.    Thus,  a  meter  should  not  only  be  calibrated  when  moved 
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straight  ahead  through  the  water,  but  comparative  tests  should  be  made  at 
the  same  speed  while  moving  the  meter  up  and  down,  or  to  the  right  or 
left  of  its  genera,!  direction.  The  best  meter  for  field  work  is  that  which  is 
least  affected  by  such  handling  ;  for  in  large  rivers,  at  any  iBte,  these  vibratot7 
motions  represent  the  circumstances  under  which  the  meter  works  far  more 
elosely-tban  the  ordinary  straight  ahead  motion  does. 

The  meters  which  are  most  usually  employed  in  practice  are  those  of  Price, 
Haskell,  and  Fteley.  Of  these,  the  Fteley  is  probably  the  most  acciirate,  and 
is  best  adapted  for  the  registration  of  low  velocities.  Price's  type  permits 
of  the  registration  of  all  velocities  usually  met  with  in  river  gauging,  and  is 
the  pattemwhich  is  almost  universally  employed  by  the  American,  Egyptian, 
and  Indian  Governments.  The  general  adoption  of  the  Price  current  meter 
is  due  to  the  fact  that  it  combines  a  sufficient  degree  of  accuracy  for  practical 
gaugings,  with  adequate  constructional  strength  to  guard  against  damage  by 
the  unavoidable  incidents  of  field  work,  provided  that  reasonable  care  is 
taken  of  it. 

A  current  meter  must  be  considered  as  an  instrument  liable  to  a  fair 
amount  of  rough  usage,  and  in  the  Price  meter  a  certain  degree  of  accuracy 
and  sensitiveness  has  been  sacrificed  in  order  to  obtain  the  necessary  strength 
and  reliability  for  practical  operations.  For  laboratory  work,  with  skilled 
and  careful  observers,  the  Fteley,  or  the  Warren,  are  a  little  more  acctiraie ; 
but,  personally,  I  should  be  reluctant  to  expose  either  to  ordinary  engineering 


As  regards  their  adaptation  to  local  conditions,  both  the  Price  and  Haskell 
meter  can  be  suspended  on  a  weighted  sounding-line,  and  are  consequently 
suitable  for  rivers  of  all  siies,  although  the  Haskell  is  probably  somewhat 
better  fitted  for  use  in  very  large  streams. 

The  Fteley  and  the  Hariacher  meters  must  be  fixed  to  rigid  rods,  and 
are  therefore  only  applicable  to  rivers  that  can  either  be  waded,  or  are 
■panned  by  bridges,  and  do  not  greatly  exceed  le  feet  in  depth  at  the 
bridges. 

Ratiag:.— All  meters  require  a  preliminary  rating;,  or  calibration.  This  is 
accomplished  by  moving  them  through  still,  or  nearly  still,  water  at  a  definite 
velocity ;  and  is  usually  effected  by  fixing  the  meter  in  a  frame,  either  hung 
from  a  vehicle  which  travels  along  the  bank,  or  installed  well  forward  of  a 
boat  or  steam  launch,  travelling  at  a  known  speed. 

In  selecting  the  method  of  rating,  it  is  as  well,  where  possible,  to  be  guided 
by  the  use  to  which  the  tneter  is  to  be  put.  For  example,  were  I  rating  meters 
which  would  afterwards  be  employed  in  gauging  small  streams,  1  should 
prefer  the  system  of  a  vehicle  on  the  bank,  since  the  possible  retardation  due 
to  the  proximity  of  the  bank  would  also  be  present  in  actual  woric  Whereas, 
for  meters  intended  for  determining  the  dischai^  of  large  rivets,  the  method 
of  a  boa-t  on  a  wide  and  deep  canal  is  preferable. 

Similarly,  the  general  effects  of  irregularities  in  the  motion  of  the  water 
can  be  investigated  as  indicated  on  page  41  ;  and  the  method  of  allowing  for 
possible  current;  in  the  "  siill "  water  is  dealt  with  on  page  49. 

In  discussing  the  rating  of  a  meter,  let : 
V,  represmt  the  observed  velocity  through  still  water,  in  feet  per  second. 
n,  represent  the  number  of  revolutions  per  second  indicated  on  the  meter 
dial  or  co-inter. 
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A  prttiminary  graphical  plot  sboirs  that  the  relation  between  v  and  n  may 

take  the  forms  :  ^ij  ^.^n+i 

(ii)  !/» -«!»+</ 
(iii)  w=*+>+jf>i« 

Each  of  these  relations  may  be  discussed  by  the  methods  of  least  squares  ; 
aiid<Hi  the  usual  assumptions  of  that  method,  we  can  (for  any  individual  case) 
select  that  which  leads  to  the  most  accurate  results  by  calculating  the  probable 
errors  of  the  constants  a,  b,  etc. 

If  this  work  is  carried  out,  it  will  usually  be  found  that  formula  (i)  fits  slightly 
less  well  than  either  (ii)  or  (iiiX  but  in  no  case  that  I  am  aware  of,  ts  this  differ- 
Mce  of  such  a  magnitude  as  to  introduce  appreciable  errors. 

Hence,  although  formula  (ii),  probably  best  represents  the  actual  relation, 
I  Me  no  reason  for  abandoning  the  comparative  simplicity  of  formula  (i). 

Dawson  {Measurement  of  Volumes  discharged  by  tht  Nile  in  1905  and  1906) 
also  discusses  the  formula  r  v=an+b+u 

nhete  u,  represents  a  possible  c 
mibg.    The  etTect  is  that  for  run 

v-an+i-u 
and  for  runs  in  the  reverse  direction  : 

and  by  the  method  trf  mean  squares  be  gets  for  bis  observations  : 
uss  — o-oogz  foot  per  second 
with  (1=4-4521  *=o*io86  foot  per  second 

so  that  the  rating  formula  when  applied  to  river  gaugings  is  really  represented  by ; 

v—A^Sz  in +0*108; 
whereas,  if  w  were  ignored  : 

w=4-440S«+0'ii05 

irhich  shows  that  such  a  velocity  has  practically  no  effect  on  the  rating  curve. 

So  also,  Dowson  investigated  the  effect  on  a  "  small  Price  "  meter,  of  motion 
not  in  a  borizoatal  line,  but  in  a  curve  with  vertical  sinuosities.  He  demon- 
strates mathematically  that  in  rough  water  (waves  about  6-5  feet  long,  and 
16  inches  high)  the  velocities  deduced  may  be  too  high  by  10  per  cent,  when 
cDtnpared  with  calm  water  calibrations ;  and  cites  experimental  results  that 
confinn  his  calculations. 

The  error  introduced  varies  as  the  square  of  the  height  of  the  waves,  and 
inveTsely  as  the  square  of  their  length,  and  may  be  by  no  means  inappreciable 
in  turbulent  streams.  This  error  may  occur  in  all  meters  which  rotate  when 
moved  up  and  down  in  a  vertical  direction  in  still  water.  So  far  as  I  am  aware 
the  Fteley  meter  is  the  only  type  in  which  this  docs  not  lake  place  ;  although, 
in  ibe  Haskell  meter  (Trans.  Am.  Soc.  of  C.E.,  voJ.  47,  p.  380),  wave  motion 
will  lead  to  an  underestimation  of  the  velocity. 

An  investigation  of  the  probable  errors  of  the  constants  a,  and  i,  as  ascer- 
tained by  skilled  observers,  for  14  different  Price  current  meters,  leads  me 
to  believe  that  the  velocities  deduced  from  readings  taken  with  a  carefully 
rated  current  meter  are  rarely  subject  to  a  greater  error  than  i  per  ceot.  so  long 
as  the  velocity  exceeds  08  foot  per  second,  unless  the  motion  of  the  water  in 
which  the  observations  are  made  is  far  more  irregular  than  that  in  which  the 
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calibntion  is  effected.  When  the  velocity  is  less  than  o'j  foot  per  second, 
cuTTeot  meters  are  not  usually  employed. 

As  will  be  shown  later,  irregularities  in  the  water  motion  certainly  induce 
errors  of  5  per  cent,  in  the  velocities,  and  errors  of  10  per  cent,  probably  occur. 
These  errors  are,  however,  almost  as  likely  to  be  positive  as  negative,  so  that 
the  nett  effect  on  the  discharge  is  usually  by  no  means  as  great  as  5  per  cent. 
The  available  evidence  is  given  on  page  56, 

Meters,  when  carefully  handled,  can  be  used  lo  determine  velocities  as  high 
as  10,  or  II,  feet  per  second,  provided  that  the  stream  carries  no  drift  or  sub- 
merged bodies.  The  rating  curves  indicate  (when  the  water  is  not  turbulent) 
that  the  accuracy  is  as  great,  or  greater  than,  that  for  low  velocities. 

In  a  Fteley  meter  the  general  accuracy  is  greater,  but  the  limits  of  use  range 
from  03  foot  per  second,  to  55  or  6  feet  per  second. 

In  discussing  the  calibration  observations  of  Price  meters,  it  is  as  well  to 
note  that  while  the  form  w=a«+i 

represents  the  observed  values  with  sufficient  accuracy  for  all  velocities  hom 
t'%  to  6  feet  per  second,  a  better  result  can  be  obtained  when  the  velocities 
range  from  o'3  to  10,  or  13,  feet  per  second,  by  taking 

7/=iii»+^i     up  to  v=y^  to  4  feet  per  second 
and,  t'=a|«+4i     for  greater  velocities. 

The  tables  given  by  Hoyt  {Trans.  Am.  Sac.  1^  C£.,  vol,  66,  p.  90)  show 
that  the  manufacturers'  rating,  even  when  not  specially  determined  for  indmdual 
instruments,  might  be  accepted  if  constant  errois  of  1  per  cent,  are  permissible. 

Hoyt  also  states  thai  tiie  rating  of  meters  is  but  slightly  affected  by  use. 
My  own  observations,  however,  lead  me  to  believe  that  rough  handling  should 
be  avoided  at  all  costs,  and  that  where  a  river  carries  silt,  the  pivots  and  bearings 
of  the  instrument  should  be  scrutinised  before  each  observation,  as  a  particle 
of  silt  in  the  mechanism  may  entirely  change  the  rating. 

In  the  case  of  the  Fteley  meter,  it  appears  that  the  relation 

holds  very  foirly  well  for  velocities  greater  than  i'2  foot  per  second,  but  for 
lower  speeds  a  curve  such  as 

is  more  accurate  (see  Diamant,  Ttans.  Am.  Sec.  efC.E.,  vol.  66,  p.  107). 

I  shall  not  discoss  the  electrical  recording  apparatus,  but  would  refer  to 
Hoyfs  paper  as  giving  a  very  practical  and  reliable  resume. 

Many  other  forms  of  meter  are  used  in  Europe,  such  as  the  Harlacber, 
Amsler,  etc.,  but,  having  no  practical  experience  of  these  instruments,  I  do  not 
propose  to  discuss  them, 

Accurac7  of  Resntts. — When,  besides  the  imperfections  in  a  current  meter, 
wc  also  take  into  account  those  due  to  errors  in  soundings,  and  the  other 
measurements  necessary  to  ascertain  the  cross-section  of  a  river,  such  as  those 
caused  by  the  measured  velocities  not  being  perpendicular  to  the  cross-section, 
and  finally  the  fact  that  a  gauge  reading  alone  does  not  necessarily  completely 
determine  the  condition  of  a  river  (so  that  the  discharge  on  a  falling  stage  may 
differ  from  that  at  the  same  gauge  in  a  rising  flood),  we  obtain  the  following 
results. 
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Damson  (uf  supra),  for  the  Nile  at  Sarras,  indicates  a  probable  error  of 
4'3  per  cent,  as  given  by  the  discharge  curve  and  the  126  discharge  observa- 
tions taken  to  secure  it  In  this  case  the  mean  velocities  were  actually  observed, 
so  thai  errors  only  arise  from  uncertainties  as  to  the  depth  and  actual  defects 
in  the  meter. 

The  experiments  of  Prasil  [Schamxeriscke  Bauxeiluitg,  1906)  and  Barrows 
{Prut.  Am.  Soc  ofC.E.,  vol,  59,  p.  501),  indicate  that  systematic  current  meter 
measurements,  where  the  area  of  the  stream  section  can  be  exactly  determined, 
and  the  mean  velocity  is  obtained  by  actual  observation  (no  assumptions  as  to 
its  position,  or  ratio,  to  selected  velocities,  being  made),  are  probably  quite  at 
accurate  as  the  weir  measurements  usually  made  by  engineers,  the  probable 
error  being  o'9  per  cent,  in  carefiil  laboratory  experiments,  aikd  3  per  cent,  in 
field  work. 

Where,  however,  the  quicker  methods  of  gauging,  later  discussed,  are 
employed,  errors  of  5  per  cent,  are  possible,  and  if,  in  addition,  the  velocity  of 
the  stream,  or  its  depth,  is  so  great  that  the  area  is  uncertain,  mistakes  of 
10  per  cent,  seem  probable. 

Murphy's  experiments  Xsee  p.  40)  seem  to  indicate  that  somewhat  better 
nsults  (0*93  per  cent,  average  error)  than  the  3  per  cenL  mentioned,  can  be  ob- 
tained. The  experimenters  were  apparendy  very  skilful,  and  the  conditions 
more  fevourable  than  those  usually  met  with  in  field  work. 

It  will  be  evident  that  while  the  results  of  any  one  observation  (especially 
flood  discharges)  may  be  open  to  criticism,  it  is  unlikely  that  the  total  of,  say,  a 
month's  flow  of  a  river  (when  obtained  by  careful  current  meter  gaug^ngs)  is 
seriously  in  error,  unless  the  month  is  one  of  continued  high  floods,  or  the  bed 
of  the  stream  is  shifting,  and  the  movement  is  not  allowed  for. 

Summing  up  these  results,  it  seems  fair  to  infer  that  errors  in  current  meter 
gaugings  are  principally  due  to  : 

(i)  Irregularities  in  the  motion  of  the  water. 

(ii)  Errors  in  the  partial  areas  caused  either  by  actual  errors  in  the  observed 
depths  (such  as  occur  in  rapid  streaovs) ;  or  by  the  soundings  being  too  widely 
spaced,  so  that  irregularities  in  the  bed  are  overlooked. 

(lii)  Errors  in  the  mean  velocities  caused  by  the  points  where  the  velodties 
are  observed  being  too  widely  distributed. 

Eiror¥  due  to  the  first  of  these  causes  can  be  minimised  by  careful  calibra- 
tion under  circumstances  which  imitate  irregular  motion. 

The  second  and  third  class  of  errors  are  less  easily  avoided. 

In  my  own  practice  I  am  accustomed  to  personally  observe  the  soundings, 
and  during  the  velocity  observations  employ  an  assistant  to  systematically 
March  for  irregularities  in  the  bed.  If  any  marked  irregularities  are  discovered, 
special  velocity  observations  are  taken  round  them,  in  order  to  discover  if  they 
ptodnce  notable  differences  in  the  velocities.  Dowson's  results,  however,  show 
how  hard  it  is  to  obtain  accurate  flood  discharges  ;  and  my  own  observations  in 
the  Thames  when  in  flood,  indicate  errors  of  7  and  8  per  cent,  under  more 
^vourable  circumstances,  but  with  less  skilful  observers, 

Obaervktion  of  the  Mean  Velocity  o*er  a  Vertical.— The  accurate  determina- 
tion of  the  discharge  of  a  river  requires  velocity  observations  to  be  taken  at 
many  piMnts  distributed  over  its  cross-section. 

For  example,  in  Dowson's  Nilegaugings,  there  was  a  velocity  observation  for 
tifxy200to  550  square  feet  of  cross-section,  according  to  the  height  of  the  flood. 
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In  the  Sudbury  culvert  gaugtngs,  one  observation  for  every  o'j  square  foot. 

In  Hailachei's  work,  one  obEervation  for  every  i  square  feet  in  small,  up  to 
SO  square  feet  in  larger  streams. 

The  method  of  obtaining  the  discharge  from  velocity  observations  has 
already  been  indicated  (see  p.  44). 

(n)  Harlacher's  graphical  method  may  be  considered  to  be  the  most 
accurate.  It  is  so  laborious,  that  it  is  only  adopted  in  cases  where  the  velocity 
observations  are  very  closely  distributed  over  the  cross-section  of  the  stream, 
and  where  tbe  bed  is  hard  and  free  from  deposits,  so  that  the  area  of  the  cross- 
section  can  be  accurately  measured. 

(d)  Considering  the  method  by  mean  velocities  over  verticals,  and  fbr  the 
future  denoting  the  mean  velocity  over  the  vertical  by  «/„,  ne  hnd  in  actual 
practice  that  each  *„,  is  usually  the  mean  of,  say,  10  observations  at  0-05  depth, 
o'l  5  depth,  etc  up  to  0*9;  depth  ;  and  if  8  verticals  are  dealt  with,  there  are  80 
observations  in  all,  and  S  partial  areas  a, 

Sontetimes  this  work  is  reduced  by  first  observing  10  velocities  on  3  repre- 
sentative verticals,  and  assuming  that  the  mean  velocity  v.,  for  the  other  $,  occurs 
at  the  same  fraction  of  the  depth  as  it  does  on  the  3  representative  verticals. 
We  then  only  take  3  x  10-4-5  =  35  observations. 

Either  method  necessitates  the  observation  of  velocities  at  from  4  to  10 
points  on  each  vertical,  or  say  80  to  100  points  in  the  cross-section  of  the 
stream ;  and  in  large  rivers  even  this  number  does  not  give  a  very  close 
distribution  of  the  verticals. 

Also,  the  time  required  to  make  such  a  series  of  observations  is  not  only  a 
disadvantage  (as  being  costly  and  tending  to  discourage  frequent  observationsX 
but  may  lead  to  errors  due  to  the  discharge  of  the  river  altering  materially 
during  the  time  taken  to  complete  the  gauging. 

Thus,  methods  requiring  a  smaller  number  of  observations  per  vertical  are 
needed,  and  should  be  employed  even  if  only  approximately  correct. 

The  general  discussions  on  the  irregularity  of  the  motion  of  water  will  have 
made  it  plain  that,  for  the  same  number  of  observations,  the  best  distribution  is 
probably  secured  by  approximately  determining  the  mean  velocity  over  as  many 
verticals  as  possible,  rather  than  by  accurately  determining  the  mean  velocity 
over  a  few  widely  spaced  verticals.  So  far  as  either  theory  or  experiment  can 
be  applied  to  what  is  essentially  a  series  of  accidents,  it  would  appfcar  that  no 
advantage  is  gained  by  multiplying  the  point  velocity  observations  on  a  vertical 
until  the  horizontal  spacing  of  the  verticals  is  less  than  the  mean  depth  of  the 

The  most  effective  method  of  selecting  the  appropriate  points  is  to  examine 
the  vertical  velocity  curves,  as  determined  by  velocity  observations  taken  at 
regular  intervals,  usually  i  foot  (or  one-tenth  the  depth)  apart,  in  a  vertical 
from  the  surface  to  the  bottom  of  the  stream. 

When  these  velocities  are  plotted  as  abscissce,  and  tbe  depths  as  ordinates, 
a  verdcal  velocity  curve  is  obtained  ;  and  it  is  found  that  imder  the  most  varied 
conditions  of  depth,  velocity,  surface  slope,  and  roughness  of  bed,  these  curves 
approximately  assume  the  form  of  a  parabola  the  axis  of  which  is  parallel  to 
the  water  sur&tce  (see  Sketch  No.  10). 

If  the  curve  was  an  accurate  parabola,  it  would  be  possible  to  ascertain  the 
mean  velocity  over  the  vertical  by  observations  at  comparatively  fisw  points. 
As  a  matter  of  observation,  founded  on  long  and  careful  studies,  the  velocities 
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taken  at  certain  pointa  geometrically  selected  on  a  vertical,  are  >o  intimately 
coanected  with  the  mean  velocity  over  thai  vertical  that  the  mean  velocity  can 
be  obtained  from  these  velocities  with  very  fair  accuracy. 

A  very  excellent  resumri  of  the  general  principles  will  be  found  in  Cunningham's 


Surface 


0-6        0^7         Oi        8^         1-0         H  tZ 

/Hatio  of  Dbsenfe(f  idoci^  IbMeanlfeha^orerffKrerfical. 

Sketch  No.  lo.— Typical  Curves  *c>wing  the  Ratios  of  the  Velocities  at  various 
Depths  in  a  Vertical. 

Rtarkte  Observations.  The  metliods  employed  by  Cunningham  deserve  careful 
Mndy,  and  will  be  found  very  useful  when  abnormal  circumstances  are  met 
•iUi  in  gauging  observations. 

The  following  rules,  however,  are  entirely  based  on  the  resulis  of  modem 
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current  meter  wark  ;  for  the  figures  given  by  Cunningham  are  now  known  to 
be  subject  to  errors  which  are  great]y  minimised  in  modem  practice.  For 
example,  Cunningham's  twin  Hoat  observations,  although  very  accordant 
relatively  to  each  other,  are  inaccurate  ;  and  in  consequence  the  twin  float  is 
now  entirely  abandoned.  This  is  probably  an  error,  as  in  shallow  and  not 
highly  turbulent  streams,  twin  float  results  are  probably  quite  as  accurate  as 
any  point  velocity  observations,  except  those  which  are  taken  by  a  current 
meter.  The  method  was  unfortunately  applied  to  circumstances  to  which  it 
was  unsuited,  and  it  has  consequently  suffered  far  more  than  it  deserved. 

We  define  the  velocity  at  any  fraction  (say  '«)  of  the  depth  of  the  stream, 
in  the  vertical  considered,  as  the  velocity  observed  at  *«  depth  below  the 
surface  of  the  stream,  and  denote  it  by  v.^ 

Then,  we  have  as  follows  : 

I.  Ont  Point  MelAod3.—{\)  The  mean  velocity  is  equal  to  the  velocity  thai 
occurs  between  0-57  and  073  depth  ;  and,  as  a  matter  of  observation  ; 
the  velocity  at  o'6  depth— mean  velocity,  or,  Vo-o^Wb. 

According  to  Hoyt  and  Graver  {River  Discharge),  the  average  result  is 
*'o>i  =vm,  the  extremes  being  073  and  o'sB,  and  the  error  resulting  from 
taking  o'6  depth  varies  in  90  cases  from  —6  to  +4  per  cent.,.with  a  mean  of 
o  per  cent,  (see  Sketch  No-  10). 

The  method  is  inapplicable  to  very  deep  (say,  40  feet  and  over)  or  decidedly 
shallow  streams,  although  the  mean  for  2io  examples  of  the  latter  is  only 
»«»=l"OI  »„. 

If  a  stream  is  covered  with  ice,  the  0*6  depth  method  does  not  hold,  v.. 
occurring  at  about  07  depth.  Barrows  {Trans.  Am.  See.  of  C.E.,  vol.  66, 
p.  110),  states  that: 


and  Hoyt  and  Grover's  curves  (ul  supra)  appear  to  confirm  this. 

II,  T^tw  Poinl  Method.— \i  the  vertical  velocity  curve  is  a  parabola,  we 
obtain  the  following  equation  with  rigid  mathematical  accuracy  : 
3i'-=V(„ii+i'o.r» 

In  actual  practice,  it  is  found  that  even  if  we  cannot  represent  the  velocities 
as  a  quadraticlunctionof  the  depth,  i.e.  v.„,  is  not  equal  to  a+*{"") +c  (■«)*>  we 
find  that :  .      , 

Hoyt  {,ut  sufira),  in  478  examples,  finds  maximum  errors  of  +a'6,  and  —3 
per  cent.,  and  a  mean  error  of  +0*1  per  cent.,  and  for  219  curves  in  shallow 
streams,  with  rough  beds,  + 1'6,  and  -on,  with  a  mean  of  +o'S  per  cent. 

The  method  holds  for  ice-covered  streams,  although  errors  of  4  per  cent. 
may  then  occur,  and  may  be  regarded  as  universally  applicable. 

This  rule  was  first  stated  by  Gordon,  and  his  demonstration  permits  of 
extension.  If  a,  i,  c,  are  quadratic  fijnctions  of  the  horizontal  distance  from 
the  centre  of  the  stream,  i.e.  a=aj+i,x+CiX',  etc.,  where  x,  is  the  distance 
of  the  vertical  from  the  centre  of  the  stream,  the  mean  of  the  mean  velocities 
on  the  verticals  at  points  o-2i,  and  079  across  the  stream,  is  the  mean  velocity 
over  the  whole  cross-section  of  the  stream  if  the  depth  be  uniform  ;  so  that  on 
this  assumption  observations  at  4  points  would  give  the  mean  velocity  for  the 
whole  stream. 
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Tbe  old  method  was : 

3  " 

I  do  not  presume  to  indicate  how  v^.^  the  velocity  at  the  bottom,  can  be 
observed  ;  but  since  errors  of  20  to  30  per  cent,  may  occur,  the  questioa  b  not 
of  very  great  interest 

III.  Thtt  Point  Method.— Thtorf  and  experiment  both  indicate  that ; 

Tbe  error  is  a  mean  of  the  error  of  the  one  point  and  two  point  methods  ; 
and  in  cases  where  the  two  point  method  is  correct,  and  the  0*6  depdi 
method  is  inaccurate,  we  may  actually  increase  the  error  by  the  third 
observation. 

An  examination  of  Hoyt's  results  leads  me  to  believe  that  the  extra 
accuracy  secured  is  not  worth  the  expenditure  of  time,  and  that  a  better 
distribution  is  obtained  for  the  same  number  of  observations  by  increasing  the 
nambcT  of  verticals. 

The  old  rule  :  1/0-0+ ai-,.,+j/,.. 

4 
is  open  to  the  usnal  objections,  and  errors  of  6  to  9  per  cent  occur. 

IV.  Special  Metkods.--{a)  Surface  Observations.— Here  the  meter  is  held 
0*5  to  I'o  foot  below  the  surface,  according  to  the  depth  df  the  stream.  This 
is  most  useful  in  the  case  of  floods.     Hoyt  and  Grover  give  : 

i'„=078too-98w„rt.« 
and  sUte  that  tbe  deeper  tbe  stream,  and  the  greater  the  velocity,  the  larger 
is  the  coefficient 

For  average  Ametican  streams,  in  moderate  freshet,  we  have  -. 

For  floods : 

i',=o-9otoo-9SX'„rtta. 
But  Harlacher's  rule  (see  p.  6i)  is  better. 

(i)  MidDefilh  Me/Aod.—Tbis  is  a  relic  of  old  practice,  and  should  not  be 
used,  but  I  give  the  6gures  in  the  hope  that  the  infonnation  will  prevent 
further  observations  of  this  character. 

v.=o'96  to  090  Vfi       As  a  mean  Vw=o'9iVik» 

V.  SumfHotion  Method. — Here  the  meter  is  lowered  to  the  bottom,  and  is 
raised  again  at  a  uniform  rate.  The  reading  of  the  meter  (which  is  evidently 
a  mechanical  average  of  the  rates  at  which  it  turns  during  its  journey  up  and 
down  the  vertical)  is  assumed  to  correspond  10  the  average  velocity  over  the 
vertical.  The  results  of  the  ordinary  rating  curve  are  used  to  obtain  this 
average  velocity  from  tbe  obsen-ed  reading. 

This  method  is  therefore  only  applicable  in  the  case  of  meters  (such  as  the 
FteleyX  nitich  are  unaffected  by  lateral  currents. 

The  above  figures  give  the  errors  produced  by  adopting  any  of  the  shorter 
methods  of  determining  Vn,  when  compared  with  the  results  obtained  when 
Vm,  is  ascertained  by  6  or  10  observations  per  vertical.  Now,  it  is  known 
that  the  discharge  thus  obtained  may  differ  by  3  per  cent,  from  the  results  of 
a  weir  ganging.  We  may,  therefore,  infer  that  either  the  o-6  depth  method, 
or  the  o'2+o'8  depth  method,  will  produce  a  result  which  probably  does 
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not  difier  more  from  a  weir  gauging  than  would  the  theoretically  more  accurate 
6  or  10  points  per  vertical  methods. 

Nevertheless,  comparisons  of  the  results  obtained  by  the  shorter  methods 
wjth  weir  observations  are  greatly  to  be  desired,  since  it  is  plain  that  the 
agreement  between  all  good  current  meter  methods  is  too  close  to  permit 
comparisons  between  them  to  disclose  any  systematic  errors. 

The  only  systematic  investigation  of  the  above  question  appears  to  be  that 
undertaken  at  Cornell  Hydraulic  Laboratory  (see  Report  on  Barge  Canal  of  the 
StaUofNew  York,  p.  932). 

An  abstract  of  the  results  is  as  follows  : 


9^5  to  8-9    . 
8-5  „  8-4    . 


Weir  dJBchai^ 
>  depth 


0*961 
0*961 
0973 
0-964 


0-956) 
0-970  ( 

0-973  r 

0-96^  } 


\  Mean  of  4  tests. 


'  Discharge  by  summation  method  on  6  verticals 


9'5  to  89 

8-S  ,,  8-4 


0-949 
0-913 


0973 
0-961 
0-971 


o*86t       I 
0-719 
c-8.9       : 
o"9a9       I 

I 


In  the  first  three  cases  of  the  last  column  the  velocities  were  less  than  0-5 
foot  per  second,  so  that  the  large  errors  are  readily  explained. 

The  "  ordinary  "  method  consisted  of  velocity  observations  at  6  points  on  each 
of  6  verticals,  and  the  results  obtained  were  as  shown  in  table  on  top  of  page  $7. 

There  is  a  certain  amount  of  evidence  to  show  that  the  weir  discheiges  were 
subject  to  constant  errors  (see  Horton,  Weir  Experiments  Coefficients  and 
Formula,  p.  96). 

Making  all  possible  allowance  for  such  errors,  the  results  are  fer  worse 
than  might  be  expected,  and  contrast  markedly  with  those  obtained  with  rod 
floats  as  given  on  p^e  59.  1  am  inclined  to  consider  that  the  whole  set  is 
afiected  by  the  smoothness  of  the  channel  and  the  slow  velocities,  and  conse- 
quently the  figures  are  of  but  slight  importance  in  discussions  concemii^  the 
discharge  of  rough  channels  such  as  occur  in  Nature.  Errors  in  the  actual 
observations  are  extremely  improbable,  so  that  the  figures  are  of  value  if  a 
smooth  channel  is  gauged  by  such  methods. 
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Ratio 

Weir  dischaiKC 

Remarks. 

Cunenc  meter  dischu^  by 
"  ordinary"  method 

g'S  to  89 

0-974 

<.-98. 

i-ooa 

1-149 

These  are  affected  by 

0-980 

<,-98i 

0-994 

I -080 

velodties  being  less 
tiun   o'5    feet    per 
second 

8s  .,  8-4 

1-056 

1-094 

1-080 

1-^36 

„ 

1012 

1-073 

0-999 

1079 

7-7  »  7-5 

xo^^ 

1037 

0-999 

1-072 

.. 

6*4  „  6'o 

1-043 

1069 

1-086 

1083 

„ 

1-023 

1-040 

.-043 

1048 

Summing  up,— it  may  be  inferred  that  the  0*6  depth,  or  the  o-3+o'8  depth 
methiKls  will  probably,  under  favourable  circumstances,  agree  with  weir 
observations  within  a  per  cent,  although  individual  observations  may  differ  by 
}  per  cent.  Some  portion  of  these  diffeiences  can  probably  be  attiibuled  to 
errors  in  the  weir  observations. 

I  consider  that  it  is  extremely  doubtful  whether  any  additional  accuracy  can 
be  attained  by  such  preliminary  work  as  observing'  the  velocities  at  10  or  more 
points  per  vertical,  and  then  selecting  the  depth  at  which  the  mean  velocity  is 
found  tooccuT,  for  all  future  observations.  This  method,  however,  was  employed 
by  Dowson,  and  may  be  useful  in  large  rivers  where,  as  already  indicated,  the 
0-6  depth  method  may  possibly  lead  to  errors. 

Rod  Floats.— It  is  obvious  that  the  velocity  of  a  rod  float,  extending  in  a 
vertical  line  from  the  surface  to  the  bottom  of  a  stream,  must  be  a  &irly  close 
approximation  to  the  mean  velocity  over  that  vertical. 

The  matter  has  been  investigated  by  Cunningham  {Roortee  Hydraulic 
Exfitrimenti)  under  the  following  assumptions  : 

0)  The  force  acting  on  any  small  element  of  the  rod  is  proportional  to  the 
sqtiare  of  the  difference  between  the  velocity  of  the  rod  and  the  velocity  of  the 
water  in  contact  with  the  element. 

(ii)  The  vertical  velocity  curve  is  a  parabola. 

Cunningham  finds  mathematically  that  Vr,  the  velocity  of  the  rod,  is  equal 
to  Vm,  when  A,  the  immersed  length  of  the  rod  is  from  0950  to  0-92?  the  depth 
of  the  water ;  the  exact  value  depending  upon  the  position  of  the  maximum 
velocity  in  the  vertical  velocity  curve. 

He  takes  as  a  mean  :  v^  =v„  when  the  immersed  length  of  the  rod  is 
equal  to  0-94  depth,  i.e.  h  —0-941/. 

An  arithmetical  study  of  38  vertical  velocity  curves  obtained  by  current 
meters  leads  me  to  believe  that  if  Cunningham's  first  principle  is  accepted  as 
correct,  the  fact  that  a  vertical  velocity  curve  is  not  an  exact  parabola  is  of 
small  importance.    The  mean  result  obtained  was  : 
Vt^Vk,  when  /i=o"9S3rf, 
and  the  maximum  valile  was  h=Q'<y}d,  and  the  minimum  lt=o'i)id. 


ly  Google 


58  CONTROL  OF  WATER 

The  adoption  of  A=o'94i/led  to  a  mean  error  of  + 1  per  cent.)  and  maxintuin 
errors  of +4  per  cent,  and  —3  per  cent. 

When  practically  tested,  the  rod  float  docs  not  compare  quite  so  well  with 
the  current  meter,  as  the  above  figures  indicate. 

As  already  stated,  this  must  mainly  be  ascribed  to  the  irregularity  in  flow, 
which  affects  all  floats  more  markedly  than  current  meters,  since  a  float 
practically  at  rest  in  relation  to  the  water,  and  is  therefore  mostly  influenced  by 
the  irregularities  of  a  small  volume  of  wafer  ;  while  a  current  meter  is  acted  on 
by  a  fresh  volume  of  water  at  eveT7  instant. 
Thus,  taking  Cunningham's  observations  : 

Inacnrrent  meter  the  mean  of  6  observations  gave  »= 4' '3  feet  per  second. 
The  mean  of  the  next  6,  v = 4- 1 1     „  „ 

the  maximum  and  minimum  individual  values  being  a"^  ?n<J  3'84' 
While,  for  ^ofloMs  the  mean  was  w= 3-95  feet  per  second. 
The  mean  of  the  next  50,     w =3'86     „  „ 

and  the  maximum  and  minimum  individual  values  were  4'44i  and  3'33. 

The  figures  da  not  allow  of  an  exact  comparison  being  made,  since  the 
current  meter  observed  the  velocity  at  S  feet  depth,  while  the  rod  floats  deter- 
mined the  mean  over  adepth  of  10  feet  But  it  will  be  plain  that  6  observa- 
tions of  a  current  meter  are  more  effective  in  the  elimination  of  irregularities, 
than  50  floats. 

So  also,  Cunningham's  investigation  of  the  relation  between  Vr,  and  w,.,  does 
not  appear  to  hold  good  in  practice ;  and,  as  a  rule,  rod  float  gaugtngs  are 
found  to  give  too  high  a  result  when  checked  by  weir  or  current  meter 
methods. 

The  only  systematic  comparison  of  rod  float  gaugings  and  weir  measure- 
ments was  tmdertaken  by  Francis  {Ijymell  Hydraulic  Experimtnti).  The  dis- 
charge was  measured  by  rod  floats  in  a  smooth,  timber-lined  channel,  and  also 
over  a  weir.  Putting  Qr  for  the  rod  float  dischai^e,  and  Qb  for  the  weir  dis- 
charge, Francis  finds  that ; 

Q»-Qr{i-oii6(*/D-o-i)l 
where  D  =  —j^.    That  is  to  say,  D,  is  the  ratio  of  the  portion  of  the  depth 
which  is  not  covered  by  the  rod,  to  the  tola)  depth. 

Francis  assumes  that  »«  =  i/r  {i-o'il6  (*'D  -  o'i)l,  and  hts  experiments 
cover  the  range  D  =  0004  to  D  =  0-129.  The  circumstances  are  in  no  way 
comparable  to  those  under  which  rod  floats  are  usually  employed.  Francis  is 
known  to  have  been  a  most  careful  experimenter,  and  there  is  not  the  least 
doubt  that  he  observed  the  velocity  on  a  sufficient  number  of  verticals  to  secure 
substantially  accurate  values  of  Q,.  Nevertheless,  if  his  observations  re- 
presented a  rod  float  gauging  of  an  earthen  channel,  they  would  be  rejected  in 
accurate  work  on  the  ground  that  the  verticals  were  too  widely  spaced.  Thus, 
the  relatively  smoother  gauging  channel  in  which  Francis'  observations  were 
made  has  evidently  caused  the  horizontal  distribution  of  the  velocities  to  differ 
widely  from  that  which  obtains  in  earthen  channels  ;  and  it  is  therefore  probable 
that  the  vertical  distribution  of  velocities  (and  consequently  the  relation  between 
Vr  and  Vn)  is  also  altered. 

The  following  results  were  obtained  at  the  Cornell  Hydraulic  Laboratory 
(see  State  of  New  York  Barge  Canal  Report,  p.  923) ;     ■ 
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Average  Depth  of 

""'" '  M.U  ol  s'^  4.US  p«  .enlol 

A=07S  depth. 

/( =0-90  depth. 

1-003 

o?i^ 
0-971 

Feet. 
9*3 
8-3 
7-5 
«-3 

0-989 

o*96a 
0-960 

the 


It  will  b«  seen  that  Francis'  statements  are  generally  confirmed,  and  that 
accuracy  is  somewhat  better  than  1  later  indicate. 


The  experiments  appear  to  have  been  made  in  a  smooth,  concrete  lined 
channel,  and  are  therefore  not  rigidly  comparable  with  the  results  obtained 
under  the  more  irregular  conditions  occurring  in  earth  channels  (even  if 
smoother  than  usual).  Certain  special  experiments  of  my  own  indicate  that 
the  results  obtained  with  floats  immersed  to  only  75  per  cent,  of  the  depth 
w(M]d,in  the  case  of  regular  earth  channels  (where  Bazin's  y=i'S,  and  Kiitter^ 
ff= 0*020),  usually  be  some  5  per  cent,  greater  than  the  values  obtained  with 
a  90  per  cent,  immersion  of  the  floats.  In  rougher  channels  (where  Baiin's 
T=2'3,  and  Kiitter's  «=o'o37)  the  difference  is  even  greater,  but  these  last 
observations  were  taken  under  circumstances  which  were  not  at  all  favourable 
to  accurate  work. 

In  actual  work,  the  errors  which  specially  atTect  rod  float  gaugings  are 
mainly  caused  by  the  fact  that  the  irregularities  which  exist  in  the  beds  of 
natural  streams  are  usually  sufficiently  marked  to  prevent  a  rod  of  a  length 
equal  to  0*90  or  0*94  of  the  mean  depth  being  used  to  observe  the  velocities. 

In  the  Punjab  Irrigation  Branch  the  rod  float  is  the  standard  gauging 
instrument,  and  the  conditions  existing  are  those  to  which  the  method  is 
best  adapted. 

The  gaugings  are  taken  in  channels  of  regular  section,  usually  specially 
trimmed,  or  lined  with  brick-work ;  so  that  it  is  possible  to  run  a  float  only 
3  inches,  or  at  the  most  6  inches,  shorter  than  the  depth  of  the  water.  It  is 
always  possible  to  select  a  site  with  a  straight  stretch  of  canal  up-stream,  so 
that  crms  currents  are  infrequent.  The  labour  available  is  cheap,  but  is 
nnskilled,  and  gaugings  are  frequently  taken  by  comparatively  untrained 
observers. 

When  a  good  site  is  selected,  the  method  is  a  very  excellent  one  ;  and  so 
&r  as  can  be  judged  from  results  (checked  where  possible  by  other  methods) 
1  believe  that  a  good  gauging  rarely  errs  by  more  than  : 


I  per  cent,  for  discharges  up  to    60  cusecs 


/Them 


I  less  o 


II  hereafter 
discussed  being  ne- 
glected, GO  that  the 
comparison  is  really 
*i(h  other  rod  float 
gaogings. 
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Above  2000  cusecs  it  appears  that  the  method  is  not  very  accurate ;  but 
this,  1  believe,  is  owing  to  the  fact  that  it  is  almost  impossible  to  find  a 
gauging  length  where  the  bed  is  sufficieatljr  uniform  to  permit  a  rod  being  run 
which  is  only  6  inches  less  than  the  depth.  If  this  were  possible,  I  consider 
that  the  method  would  prove  equally  satisfactory. 

It  is  not  customary  in  the  Punjab  to  correct  the  velocities  by  Francis* 
formula  (p.  ;8}. 

1  think  that  this  is  a  mistake.  My  own  experiments,  and  those  of  at  least 
two  other  officers,  lead  me  to  consider  that  this  correction  is  a  very  valuable 
one,  and  it  should  cert^nly  be  employed  wherever  justified  by  the  accuracy  of 
the  rest  of  the  work.  If  it  is  applied  to  a  series  of  gaugings,  I  believe  that  the 
relative  errors,  above  tabulated,  may  be  reduced  by  one  half. 

Rod  floats  are  usually  of  wood,  |  inch,  or  in  the  larger  lengths  I  inch 
square,  weighted  so  as  to  show  only  i  to  i^  inch  above  water.  A  useful  set 
starts  at  1  foot  immersion,  and  proceeds  by  steps  of  3  inches  up  to  4  feet ;  and 
then  by  steps  of  6  inches  up  to  8  feet,  with  three  rods  of  each  length.  Greater 
lengths  are  best  made  of  watertight  tin  tubes,  weighted  with  shot ;  indeed,  this 
material  should  be  adopted  wherever  gaugings  are  taken  in  close  succession  1 
for  wooden  floats,  if  used  so  frequently  as  to  get  water-logged,  are  liable  to  sink. 
The  Punjab  instructions  are  that  5  rods  should  be  run  in  each  vertical, 
and  the  mean  be  taken  as  the  velocity  in  that  vertical.  The  verticals  are 
equally  spaced  across  the  canal,  10  feet  apart  in  large,  and  5,  4,  01  z  feet  apart 
in  smaller  channels  ;  and  there  are  usually  10  verticals  in  the  total  width. 

The  relative  errors  of  good  gaugings  in  the  Punjab  have  already  been 
given.  There  is,  however,  very  little  doubt  that  all  rod  float  gaugings  over- 
estimate the  discharge,  and  that  the  whole  evidence  shows  very  clearly  that  all 
Punjab  gaugings  are,  on  the  average,  some  3  pter  cent,  in  excess  of  the  truth. 
In  good  observations,  such  as  were  alone  considered  when  obtaining  the  above 

figure,  — T-',  is  rarely  greater  than  005 ;  so  that  the  application  of  Francis' 
correction  would  leave  about  one-half  the  difference  unexplained.  While  the 
individual  observations  are  probably  subject  to  at  least  this  amount  of  error, 
I  consider  that  the  mean  result  is  quite  sufliciendy  accurate  to  permit  the 
statement  to  be  made  that  a  correction  formula  : 


Q  =  Q,  !i-0'3(VD-0-i)} 

where  D,  represents  the  mean  value  of  — -j-*,  for  all  the  floats  observed,  is 
probably  more  accurate  than  Francis'  when  applied  to  gaugings  in  earthen 
channels,  provided  that  D,  does  not  greatly  exceed  o'lo.  The  formula  has 
been  systematically  checked  for  discharges  up  to  about  Q,=  150  cusecs. 
Above  this  value  the  checkings  are  less  reliable,  and  the  principal  evidence  in 
its  favour  is  the  fact  that  if  the  discharge  of  a  canal  is  observed  with  say 
D  =  0-2o,  and  simultaneously  with  say  D  =  o'o5,  the  two  values  of  the  dischai^e 
are  found  to  agree  very  closely  when  corrected  by  this  method. 

It  is  believed  that  the  value  of  the  coefficient  which  Francis  gives  as  0"li6, 
and  1  give  as  o'z,  increases  with  the  roughness  of  the  bed.  The  figure  o'Z. 
corresponds  approximately  to  Bazin's  y=  i'54,  or  Kiitter's  «  =  o'olo. 

Summing  up,  the  rod  float  system  of  gauging  is  a  very  practical  method  for 
systematic  work,  and  untrained  men  can  rapidly  be  taught  to  do  good  work. 
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In  vxj  opinion,  the  smaller  size  and  weight  of  a  cnrrent  meter  constitutes  its 
only  decided  advantage  in  gauging  regular  canals.  For  natural  streams  and 
riven,  however,  the  current  meter  should  be  adopted. 

Snrface  Floats.— The  use  of  surface  velocities  in  estimating  the  discharge 
of  a  river  can  only  be  considered  as  a  makeshift.  The  method  is  justifiable 
under  the  following  conditions  : 

(u)  In  floods,  when  a  boat  cannot  be  accurately  manicuvered  on  the  river, 
and  where  the  soundings  are  consequently  known  to  be  subject  to  errors  which 
render  any  more  accurate  method  of  obtaining  the  velocities  unnecessary. 

(J)  In  rough  reconnaissance  work,  when  time,  material,  and  labour  iat  the 
more  accurate  systems  are  not  available. 

The  surface  velocity  is  probably  less  affected  by  irregularities  of  the  water 
motion  than  any  other  velocity  of  the  stream.  On  the  other  hand,  it  Is  greatly 
influenced  by  wind  and  bends  in  the  course  of  the  stream. 

In  order  to  avoid  wind  effects  I  have  found  it  best  to  use  globular  floats,  rather 
than  flat  pieces  of  circular  board,  such  as  are  usually  recommended.  Where  a 
supply  of  oranges  is  available,  they  form  ideal  surface  floats,  and  have  the  great 
advantage  that  they  can  be  thrown  to  the  desired  position  with  fair  accuracy. 

The  best  method  of  treating  the  observations  is  due  to  Harlacher,  and 
appears  to  accord  very  closely  with  the  real  facts. 

Harlacher  (J'.I.C.E.,  vol.  91,  p.  399)  states  as  follows  : 

No  very  constant  ratio  exists  either  between  Vn,  the  mean  velocity  over 
the  whole  cross- section,  and  the  maximum  surface  velocity,  or  fmn  the  mean 
of  the  surface  velocities ;  hut  if  v^,  be  the  surface  velocity  at  any  point,  the 
total  discharge  of  the  stream  is  represented  by  : 

<i^plv,  X  corresponding  partial  area 

Thus,  pVr,  may  be  considered  as  a  quasi  mean  velocity  over  the  vertical 
below  it,  although  it  is  not  equal  to  Vm,  the  mean  velocity  in  that  vertical  as 
obtained  by  direct  observation. 

In  28  gaugings  in  the  Danube  and  Bohemian  rivers,  with  widths  ranging 
from  160  to  1400  feet,  maximum  velocities  varying  from  3  to  10  feet  per 
second,  and  depths  between  2'$  and  35  feet,  the  value  of^,  was  always  between 
o'79  and  0-91,  and  lay  between  0-83  and  o'88  in  23  cases. 

Harlacher  also  states  that  p,  is  greatest  for  sandy  beds,  and  that  the 
minimum  value  occurred  tvith  beds  of  gravel  of  fist  size- 
He  suggests  that/,  may  generally  be  taken  as  o'g5. 

In  Switzerland,  for  200  cases,  the  mean  value  is  0-835,  ^^  ■<  ■>  evident  that 
this  smaller  figure  is  due  to  mountain  streams,  possessing  gravelly  or  stony  beds. 

For  the  Rhine,  in  Holland,  the  value  rises  to  0-87,  owing  to  the  finer  quality 
of  the  sand. 

For  the  Punjab  rivers,  where  the  sand  is  extremely  fine,  the  ratio  is  usually 
taken  as  0-93  ;  but  I  consider  that  this  is  somewhat  high,  since  these  gaugings 
are  taken  with  a  view  to  estimating  flood  discharges,  and  a  slight  overestima- 
tion  is  recognised  as  by  no  means  undesirable. 

Thus,  if  the  surface  velocities  are  observed  at  points  distant  /  feet  from 
eacb  other,  all  across  the  river,  and  if  <4,  be  the  mean  depth  corresponding  to 
the  width  — ,  on  each  side  of  the  point  where  w„  is  the  surface  velocity,  then  ; 
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Tbe  lule  given  above  may  be  supplemented  by  Grunsky's  results  for 
25  Califomian  streams  ij'ram.  Am.  Soc.  of  C.E.,  vol.  66,  p.  123),  Gnmsky 
assumes  that  — ^,  is  approximately  the  same  for  all  verticals  in  a  river,  and 
coDsequently  we  can  put : 

!^=5?'^  =/,  as  in  Harlacher's  rule. 
IS  with  sandy  bottoms,  Grunsky  finds  that  p,  depends  only  upon 
Width  of  stream 
and  gives  die  following  table  : 


the  ratio : 


Mean  depth 


w 

w 

d 

f 

d 

t 

S 

r-oi 

V 

o-S, 

10 

0-97 

40 

0-87 

'S 

0-94 

so 

0-85 

0-9. 

n  of  the  individual  results  shows  that  14  cluster  very  closely 
round/=o'9o,and  these  14  include  values  of  ^,from  181032.  The  evidence 
afforded  is  therefore  not  in  conflict  with  Harlacher's  rules,  and  classification  by 
tbe  character  of  the  bed  appears  to  be  more  likely  to  produce  accurate  results.  : 

Hoyt  and  Grover  {River  Discharge)  give  a  large  number  of  values  of  -^. 
The  maximum  value  is  0*98,  and  the  minimum  078,  but  the  average  of  138 
curves  is  a'85,  and  the  figures  duster  closely  round  this  value.  For  small 
streams  with  rough  beds  the  niaxinium  value  is  0*89,  and  the  minimum  078, 
and  the  average  of  219  curves  is  0*84. 

In  practice  these  authors  only  employ  the  method  in  gauging  floods,  and 
state: 

Tbe  deeper  the  stream,  the  larger  is  the  coefficient 

For  average  (American)  streams,  in  moderate  freshet,  o'9o  will  generally 
give  fairly  accurate  results.  In  floods,  O'90  to  0*95  shotild  be  adopted  (see 
P-  55)- 

Spbcial  Methods  op  Gauging. — The  following  methods  are  apptoximate. 
The  only  justification  for  giving  any  details  of  such  methods  lies  in  the  fact 
that  a  bad  gauging  is  better  than  none  at  all.  In  actual  work,  good  observers 
should  obtain  their  own  values  of  the  ratios  now  enumerated  from  the  results 
of  two  or  three  careful  preliminary  gaugings  conducted  by  accurate  methods 
Discharges  which  are  obtained  in  this  manner  may  be  expected  to  agree 
inUr  se  within  about  5  to  7  per  cent,  of  error.  Thus,  the  following  tables  are 
in  reality  suggestions  for  preliminary  observations. 

If  the  ratios  are  taken  from  the  table,  and  are  blindly  applied,  the  compar- 
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ative  errors  will  not  of  course  b«  increased,  but  tbe  absolute  errors  may  be 
doubled. 

It  is  usual  to  g^ive  certain  tables  showing  the  probable  ratio  of  the  mean 
velocity  in  a  vertical  Vn,  to  the  surfoce  velocity  v^  or  the  maximum  velocity 
a-mi,  or  the  velocity  near  the  bottom  v^.g. 

So  far  as  can  be  ascertained,  these  ratios  are  extremely  variable,  and  are 
con^derably  influenced  by  irregularities  in  the  motion  of  the  water.  I  have 
been  unable  to  trace  any  case  in  which  ratios  obtained  by  one  observer  were 
found  to  agree  accurately  with  those  obtained  by  another  observer,  even  under 
ditnimstances  which  were  apparently  quite  similar. 

Ctnlral  Vertical  Method. — Basin's  experiments,  as  calculated  by  Bellasis, 
{ffydraulics,  p.  165)  give  : 


Mean  depth 

Mean  velocity 


Mean  depth 

Mean  velocity 

I  Mean  velocity  in  central  vertical 
'  Mean  width 
I  Mean  depth 

Mean  velocity 


Mean  velocity  in  central  vertical 


These  are  applicable  to  rectangular  and  trapezoidal    sections,  and  are 

,    , ,  ,        ,     mean  width  .    ,         ,  , 

probably  correct  to  i  or  2  per  cent,  when  the  ^^^  jVnih  '*  '^**  "'*"  '^i  ""^ 

to  o'5  per  cent,  when  this  value  is  exceeded,  except  when  the  side  slopes  are 
very  flat,  provided  always  that  the  channel  upstream  of  the  point  of  observation 
has  no  marked  irregularities  for  a  length  equal  to  at  least  aa  times  the  width. 
If  there  are  great  irregularities,  say  5  times  the  width  above  the  point  of 
observation,  errors  of  5,  or  even  10,  per  cent,  may  occur  in  either  direction. 
Maximum  Velocity  Method.— Yor  a  single  vertical,  it  is  usual  to  state  that 

~  has  values' varying  from  098  for  the  deepest  portion  of  large  rivers,  down 
to  o'8s  for  shallow  and  gravelly  streams.  On  investigating  the  original 
authorities  for  these  statements  I  am  inclined  to  believe  that  no  reliance  can 
he  placed  on  these  figures.  In  any  case,  I  am  totally  unable  to  conceive  what 
practical  object  can  be  attained  by  a  knowledge  of  their  values.  I  have 
already  stated  what  I  believe  to  be  the  most  useful  function  connecting  v,  and 
Vwn  the  mean  velocity  over  the  vertical. 

Surface  Velocity  Jf«M<>i/.— Bellasis  (ut  a^ra,  p.  169)  gives  a  table  of  values 
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of  ^,  for  vertical^  not  too  close  to  the  banks,  classified  according  to  the  depth, 
and  Kuiter's  n.     The  general  law  is  &irly  well  known,  -^g  increases  as  the 

depth  increases,  and  as  n  decreases. 

The  following  portion  of  his  table  is  probably  as  accurate  as  any 
of  n,  or  y,  without  systematic  measurements,  will  be  : 


rf in  feet 

Kuiter's. 

« =0-010 

«=o-oi75 

«=o'oi5 

*=0'oi3 

Mao-OIO 

0-9 

I 'SO 

0-83 
0-84 
0-85 
0-87 

086 
0-87 

088 
0-89 
0-89 
0-90 

0-89 
090 
0'9i 
0-91 

091 
0-91 
0-91 

o-9a 

Bazin's  y . 

I '54 

0-833 

0-290 

0-109 

For  values  of  »,  greater  than  n^o-ojo,  better  information  is  now  available 
from  the  results  of  the  current  meter  gaugings  undertaken  of  late  years  in  the 
United  States. 


KUtter'a.                     | 

d 

«  =  0-030 

0-78 

»«=ooas 
0-82 

J 

la 

S6 

3 

0 

83 

0 

88 

5 

0 

»■; 

0 

8q 

10 

0 

86 

0 

90 

IS 

0 

87 

0 

088 

0-91 

Bazin's  y. 

317 

2-35 

Bellasis'  figures  for  «=o-o25,  show  a  decrease  for  depths  greater  than 
10  feet  The  more  modem  figures  do  not  confjim  this,  and  Bellasis  probably 
relied  too  much  on  old  twin  float  results.  A  test  of  this  table  on  100  curves 
taken  at  random  allows  me  to  state  that  these  figures  are  probably  accurate 
to  3  per  cent,  when  there  are  no  marked  disturbances  upstream.  The  ratios 
are,  however,  almost  useless,  as  Harlacher's  p,  is  better  adapted  for  practical 
purposes. 

Ctniral  Surface  Velocity, — There  is  a  certain  amount  of  evidence  to  show 
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that  tbe  iBtia  between  v^m  tbe  centnil  surface  velocity,  and  V^,  the  meoo 
velocity,  is  approximately  constant. 

In  a  regular  chanoel  with  no  marked  irregularities) 

Vk=0-8i  tOO-S?  Wen 

or,  as  a  mean,  V„=o'84  Wn- 

Tie  ratio  is  a  useful  one,  and  if  determined  for  a  well  selected  site  by 
special  experiments,  it  will  be  found  to  be  but  slightly  affected  by  small 
alterations  in  tbe  water  level. 

Bottom  VsLOQiTiES.—'Va.^  ratio  -^  has  been  stated  to  range  from  068  to 
07A  As  a  matter  of  fact,  what  has  probably  been  observed  is  not  v^-o,  the 
>-elocity  at  the  bottom,  but  v^.^  or  Vg.^,,  according  to  the  depth  of  the  river, 
since  it  is  hardly  safe  to  allow  a  current  meter  to  be  less  than  6  inches  from 
the  bottom  of  the  river. 

The  following  values  are  oteained  from  Bellasis'  suggestions  : 


KBttd'B  n. 

0-030  to  0-0175 

.■^ 

o-ois 

0..= 

Depth     .. 
P-      '     *     ' 

S  to  18  feet 
0-50  to  o-ss 

I  to  1-5  foot 
050  to  OSS 

I  to  1-25  foot 

o'6o 

I  foot 
0-6S 

My  own  experiments  on  silt-carrying  canals  with  h=o'oi9,  orya  i's  approxim- 
ately, give  -l^=o-So  to  062!  and  as  a  mean,  o'sS  for  depths  ranging  from 
0*8  to  3'4  feet  I  believe  that  the  method  used  to  observe  the  velocities  is 
likely  to  giye  results  which  are  less  than  the  truth. 

None  of  the  figures  given  have  any  real  accuracy,  being  undoubtedly  subject 
to  10  per  cent.,  and  possibly  even  10  per  cent.,  of  error. 

PlTOT  Tubes. — Pitot  tubes,  or  more  accurately  Darc^s  modification  of 
Pilot's  original  apparatus,  are  instruments  consisting  essentially  of  two  tubes 
with  orifices  so  situated  that  in  the  one  tube  (the  impact  tube)  thoorilice  can 
be  made  to  face  the  current  and  receive  its  full  impact ;  while  the  orilice  in  the 
other  tube  (the  pressure  tube)  is  parallel  to  the  direction  of  the  current.  Thus, 
theoretically,  in  the  first  tube  the  water  stands  at  a  height  equal  to  the  static 
pressure,  plus  the  dynamic  pressure  \  while  in  the  second  tube  the  static 
pressure  alone  is  indicated. 

It  will  be  seen  that  the  water  level  in  the  second  tube  (if  exposed  to  atmos- 
pheric pressure)  would  be  level  with  the  surface  of  the  stream,  and  would, 
therefore,  be  rather  hard  to  observe.  Hence,  in  Darc/s  form  of  the  instru- 
ment, as  a  rule,  both  tubes  are  united  at  their  upper  ends,  and  air  can  be 
removed  (usually  by  sucking)  so  as  to  raise  the  water  levels  by  the  same 
amount 

Theoretically,  if  ^  be  the  difference  in  level  of  the  water  oriumns,  ^ch 

»»  =  ^g^^,  gives  the  vdocity  of  the  current     In  actual  practice,  it  is  eAremelr 

difBctilt  to  prevent  the  pressure  orifice  from  being  exposed  to  some  action  t^ 

the  cnrrent,  usnally  in  the  natnK  of  suction,  producing  a  deprusion  of  the 
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corresponding'  water  column.    Hence,  as  a  rale,  v  =  C  •Jigh,  where  C,  is  a 
coefficient. 

It  may  at  once  be  stated  that  all,  or  nearly  all,  our  difficulties  in  using 
Pilot  tubes  arise  from  the  pressure  tube.  White  {/oum.  of  Assoc,  of  Eng. 
SocUtUs,  August  iQor)  has  proved  that  the  water  level  in  the  gauge  con- 


4 

ff^—^-) 

1  I  r"^ 

e 

-i  > 

3t 


nected  with  the  impact  tube  (when  exposed  to  atmospheric  pressure) 
always  stands  at  a  height  hy  above  the  surfa.ce  of  the  water  in  the  channel, 
given  by  ii*  —  ighx,  whatever  be  the  form  of  the  orifice.  White's  orifices 
included  such  diverse  forms  as  lcnif<-edged  orifices  in  finely  tapered  pipes, 
conical  trumpet  mouths,  and  small  holes  in  wide  fiat  surfaces.    CoDsequently, 
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it  ma;  be  said  that  it  would  be  very  difficult  to  design  an  impact  tube  orifice 

■V* 

which  did  not  indicate  an  excess  of  pressure  equal  to  —  relative  to  the  free 
water  surface. 

Od  the  odier  hand,  it  aiq»ears  to  be  a  difficult  matter  to  construct  a  pressure 
tube  which  does  not  show  either  a  slight  rise,  or  a  small  depression,  caused  by 
ihe  velocity  of  the  water  passing  its  orifice.  If  this  rise  be  represented  by 
*j  =  *  —,  it  is  plain  that  the  difference  of  level  read  in  the  two  columns,  when 
lifted  above  the  water  level  for  convenience  in  observation   by  exhausting 

So  that  V'=C  '^zgit,  where  C  =  ^-TZt '  ^""^  *  '^  usually  negative,  so  that 
C  is  less  than  i.    (See  Sketch  No.  1 1,  Figs,  i  and  2.) 

The  information  at  present  available  on  the  laws  affecting  the  value  of  C, 
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,  13.— Forms  of  Orificei  in  ntot  Tubes. 


is  not  of  much  practical  value.  It  was  believed  that  the  form  of  the  impact 
orifice  had  the  greatest  effect. on  C,  and  it  was  not  until  White  (W  supra) 
carefully  investigated  the  matter,  that  the  paramount  importance  of  the  circum- 
stances of  the  pressure  orifice  became  known. 

The  most  favourable  position  for  the  pressure  orifice  appears  to  be  in  the 
side  of  a  tapering  pointed  rod,  as  indicated  in  Sketch  No.  i3,  which  shows  m 
cnnbination  of  pressure  and  impact  orifices  in  one  piece,  which  has  certain 
advantages  as  regards  compactness. 

Here  White,  in  flowing  water,  with  a  =  ^i  inches,  6  =  ^  inch,  and  c  •=  ^th 
inch,  obtained  C  =  10071  in  one  instrument,  and  C  =  o'993  in  a  "duplicate 
copy" ;  which  would  suggest  that  the  true  value  for  both  was  C  =  I'ooo. 

The  first  tube  was  afterwards  provided  with  a  linseed  oil  differential  gauge 
(tfteoretical  magnification  13'8),  and  was  tested  at  26  known  velocities,  in 
flowing  water,  against  a  Price  current  meter  which  had  been  previously  rated. 
Tlie  results  were : 

For  the  Pitot  tube,  _ 

t-  =0993  "^-^gk,  in  place  of  roo?. 


The  maximum  value  was  C  =  i'o28,  and  the 
almost  certainly  an  error  in  reading. 


C  =  0-910,  which  is 
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In  the  case  of  the  current  meter, 

the  true  velocity  =  0*983  indicated  velocity, 

the  maximum  being  1-018,  and  the  minimum  (probably  erroneous)  0*893. 

We  may,  therefore,  consider  that  a  properly  designed  Pitot  tube  is  capable 
of  giving  results  which  are  as  accordant  inbr  se,  as  those  of  a  current 

So  also,  Gregory  {Trans.  Am.  Soc.  of  Meek.  Eng.,  vol.  25,  p.  184),  in 
flowing  water,  obtained  with  a  =  1 1 J  inches,  b  =  \  inch,  c  =  Jth  inch,  C  =  1*003, 
and  C  =■  o'995  in  a  "  duplicate." 

The  experiments  of  Lawrence  and  Braunworth  {Trans.  Am.  Sec.  ^C£.'j, 
vol.  57,  p.  173),  who  obtained  C  =  1*005  ^'^  ^  blunt  ended  tube,  where 
a  —  0*03  inch,  £=0*17  inch,  and  f  =  o'i  inch,  indicate  that  the  taper  form 
of  the  tube  is  of  little  importance,  provided  that  the  orifice  is  in  the  side  of 
the  tube,  and  is  not  too  close  to  other  tubes. 

In  the  case  of  a  smooth  pipe  under  pressure,  it  would  appear  that  a  smooth 
hole  JA  of  an  inch  in  diameter  (with  all  burrs  carefully  removed)  bored  in  the 
side  of  the  pipe,  gives  C  =  i  '000,  when  used  for  a  pressure  orifice  ;  but  if  the 
surface  of  the  pipe  is  in  the  least  encrusted,  C,  may  vary  between  0*95  and  1  '06. 
C,  is  also  influenced,  even  in  smooth  walled  pipes,  by  curves  or  other  ir- 
regularities in  the  pipe  above  the  oriiice,  and  in  some  cases  this  influence  may 
extend  for  several  hundred  diameters  of  the  pipe,  down  stream  of  the  curve. 

Practical  Details. — All  water  motion  is  irregular,  and  it  is  only  because 
our  apparatus  possesses  inertia  that  we  obtain  even  the  amount  of  apparent 
constancy  actually  observed. 

A  Pitot  tube  has  exceedii^ly  little  inertia  (that  of  the  water  columns  and 
their  firiclional  resistance  only).  Thus,  in  default  of  some  artificial  inertia  being 
added,  we  should  have  a  continual  fluctuation  of  the  water  surface,  which  would 
entirely  preclude  accurate  readings.  The  usual  method  is  to  enlarge  the  tubes, 
just  above  the  orifice,  into  a  drum-shaped  vessel,  as  per  Sketch  No.  11, 

For  values  of  v,  exceeding  4  feet  per  second,  k,  is  fairly  large,  3  inches  or 
over,  and  can  therefore  be  observed  with  some  exactitude ;  but  where  it  is 
desired  to  accurately  observe  small  velocities,  a  differential  gauge  must  be 
used.    Here,  if  water  and  a  liquid  of  a  density  pi  be  employed,  k,  is  increased 

in  the  ratio  — — 1  but  in  actual  work,  tests  must  be  undertaken  in  order  to  see 
i-pi 

whether  capillary  attraction,  or  viscosity,  alter  this  ratio. 

The  general  formula  fcr  a  diflferential  gauge  containing  liquids  with  densities 

equal  to  p\  and  p  is  : 

ObservedA=Aforawatergauge  x  --—,  and  if  air  is  included,  as  in  Sketch 

p— Pi 

No.  1 1  (Fig.  IV.),  the  factor  is  ■  ■-■  ■■  where  a,  is  the  density  of  air. 

As  an  example,  take  kerosine,  pi  =  o*8o  approximately.  In  the  first  case,  the 
,  .         I  ...  J  I— O'ooi2s 

factor  IS    _  .0;  "  S-     In  the  second  case,  ~T-^~^Ra    ~  ^'^^  "*y- 

Actually,  the  best  method  is  to  observe  the  ratio  when  the  height  on  the 
water  gauge  is  sufficiently  large  to  be  read  with  accuracy,  as  shown  in  Fig,  iv.. 
Sketch  No.  II. 

In  Williams'  expenments  {Trans.  Am.  See.  cf  C£.,  voL  47,  p.   i),  the 
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ohcervtd  ratio  wu  abont  4  per  cent,  grcfttcr  than  the  cakiilated  ;  and  the 
small  alterations  in  pi  due  to  the  change  in  temperature  did  not  appear  to 
affea  this  excess.  In  White's  {ut  supra)  linseed  oil  gauge,  p,  =  0-922,  and  the 
increase  was  probably  2'8  per  cent. 

A  Pitot  tabe,  as  described  above,  probably  forms  the  most  accurate  method 
of  observing  velocities. 

Reference  maybe  made  to  papers  by  Stanton  (P./.Cf'.,  vol.  i;6,  p.  86),  and 
by  Smith  {Proc.  of  Victorian  Inst,  of  Engimters,  November  1909)  for  details  of 


I  am,  however,  inclined  to  believe  that  this  very  possibility  of  intense  retine- 
KMnt  rendera  a  Pitot  tube  unsuitable  for  purely  engineering  purposes,  where, 
as  b  almost  invariably  the  case,  the  water  is  in  turbulent  motion.  An  engineer 
BeneraUy  wishes  to  obliterate  the  effects  of  this  turbulence,  and  desires  a  mean 
lenilt  corresponding  to  the  undisturbed  portion  of  the  motion.  He  also  usually 
•rants  to  observe  the  average  velocity  of  the  water,  and  not  an  average  of  the 
squares  of  the  momentary  velocities  as  given  by  a  Pitot  tube.  As  indicated  by 
the  second  formula  on  page  49,  the  current  meter  also  appears  to  average  the 
squares  of  its  own  momentary  velocities  ;  but  owing  to  its  greater  inertia,  the 
results  do  not  materially  diverge  from  the  average  of  the  momentary  velocities 
of  ihe  water,  since  tbe  vanes  of  the  current  meter  do  not  follow  the  momentary 
nriatioas  of  the  water  velocity  so  closely  as  the  water  cohimns  of  a  Pitot  tube 
<l<i,  even  when  the  tnbe  is  enlarged,  as  already  suggested. 

If  the  various  cases  in  which  the  Pitot  tube  is  practically  employed  are 
considered,  it  will  be  found  that  they  are  usually  restricted  to  the  measurement 
of  velocities  in  pipes,  and  that  the  best  results  are  obtained  at,  or  close  to, 
DOKles  or  other  orifices  ;  and  further,  that  the  motion  in  these  cases  is  almost 
invariably  less  turbulent  than  in  open  channels,  especially  if  these  have  rough 
boundaries,  such  as  occiu:  in  earthen  channels,  or  river  beds. 

Thus,  it  will  readily  be  inferred  that  the  calibration  of  a  Pitot  tube  presents 
difficulties  analogous  to  those  found  in  the  calibration  of  current  meters,  but  in 
a  more  marked  degree. 

Tbe  experiments  of  Darcy  and  Baiin  {Rrcherches  Hydrauliques),  or  of 
.Murphy  {Trans.  Am.  Soc.  eifCE.,  vol.  47,  p.  197),  are  the  most  complete. 

Putting  V  =  Q'J  -igh  in  the  following  cases  we  have  : 

(i)  92  ratings  in  moving  water,  v,  being  obtained  by  floats. 

Mean  value  of  C  =  voob.     Maximum  value,  1039,    Minimum  value,  o'9ai. 

(ii)  87  ratings  in  moving  water,  tube  used  to  determine  tbe  discharge,  and 
checked  by  a  weir. 

Mean  value  of  C  =  0*993.     Maximum  value,  1*029.     Minimum  value,  0-965. 

(iii)  32  ratings,  in  still  water. 

Mean  value  of  C  =  1x734.    Maximum  value,  1-053.    Minimum  value,  1-015. 

With  another  tube  they  obtained  the  following  results : 

I.  Impact  orifice  directed  against  the  current,  pressure  ori6ce  parallel  to  current. 

C  =.  0-848  by  floats. 
C  =  0-797  in  still  water. 

II.  Both  orifices  directed  against  the  current,  but  the  pressure  orifice 
plum^^  ^^^  ^  small  hole  0-04  inch  in  diameter  pierced  laterally. 

C  "O-a?!  by  floats. 
C  B  o'M4  in  Mill  water. 
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111.  Impact  orifice  directed  against  tbe  cuirent,  pressure  orifice  {acins 
downstream.  q  ^  ^^  by  floats. 

C  =  0*991  in  still  water. 

WiUiams,  Hubbell,  and  Fenkell  {Trans.  Am.  Sec.  of  C.E.,  vol  47,  p-  199) 
find  as  follows : 

(i)  Pilot  tube  No.  3. 

Rated  in  still  water.    8$  observations. 

Mean  value  c^  C  =  0*914.  Ma»mum  vahie  of  C  =  o'97S.  Minimum  value 
of  C  =  0-83I. 

(ii)  Rated  in  a  2-inch  brass  tube  (the  impact  tube  held  in  centre  of  pipeX 
and  the  volume  obtained  by  weighing  tbe  discharge,  so  that  the  absolute  in- 
dications are  subject  to  some  uncertainty.  The  pressure  orifice  was  a  hole  in 
the  side  of  the  tube. 

13  KatingG.  Mean  value  of  C=:0729.  Maximum  value  of  C  =  0740. 
Minimum  value  of  C  ^  0718. 

(iii)  Do.,     but  pressure  orifice  a  circumferential  slit  in  the  side  of  the  tube. 

■  ^Ratings.  Mean  value  of  C  =  0779.  Maximum  value  =  07S9.  Minimum, 
value  =  0-764, 

II.  Pitot  tube  No.  5.    Gives  under  circumstances  similar  to  the  above  : 

(i)  133  observations.  Mean  of  C  ^  0*835.  Maximum,  0*916.  MiDtmmn, 
0*677. 

Or,  with  another  pressure  tube  : 

112  observations.    Mean  of  C  =:  0*851.    Maximum,  0*943.    Minimom,  0*705. 

(ii)  29  observations.  Mean  <A  C  =  0-694.  Maximum,  0^737.  Minimum, 
0*647. 

III.  Pitot  tube  Na  6.    As  above. 

(i)  no  observations.  Mean  of  C^i  0*966.  Maximum,  1*091.  Mimmuin, 
0-895. 

(ii)  13  observations.  Mean  of  C  ^  0*683.  Maximum,  0-695.  Minimum, 
o-65g. 

(lii)  13  observations.  Mean  of  C  ^^  0*784.  Maximum,  0-799.  Minimum, 
0-749- 

The  final  coefScients  employed  were : 


Tube  No. 

In  Still       '.     .    p.  „ 
Water.      1    I"  P'P"- 

"'TKi"" 

3 

S 
6 

0*936      j      0-89       1     2,  s,  and  12 
0-859      1      0-75       1     30 
0-950      ]      0*846          16  and  30 

The  skill  and  care  displayed  by  the  experimenters  was  most  remarkable, 
but  a  study  of  the  at>ove  figures  seems  to  afibrd  ample  proof  that  their  tubes 
were  unreliable  when  applied  to  absolute  measurements  of  the  velocity    at 

The  experiments  are  otberwise  of  great  interest     I  have  studied  them 
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vei;  carefully  by  mean  square  methods,  and  am  inclined  to  believe  that  the 
effect  of  die  iireKularities  is  very  nearly  eliminated  in  their  discharge  measure- 
meDtJj  tuid  that  their  discharge  values  are  rarely  subject  to  r;  per  cent,  of 
error.  Thus,  the  application  of  even  such  tubes  as  the  above,  to  obtain 
dischat^et,  appears  penntsaible. 

The  whole  available  experiments  (without  exception)  indicate  that  a  still 
water  rating  of  the  normal  Darcy  lube  will  give  a  higher  value  of  C  than 
that  obuined  in  flowii^  water.  There  are  also  indications  which  show  that 
the  dii!erence  is  greater,  the  more  C  (as  found  in  flowing  water)  diverges 
ftotn  unity ;  but  there  are  exceptions  to  this  rule.  Also  in  each  case,  the 
values  of  C,  vary  somewhat  irregularly,  through  rather  wide  limits. 

It  will  be  observed  that  rating  in  flowing  water  is  productive  of  far  more 
ctwcordant  results,  and  tnany  of  the  divergencies  there  observed  are  to  be 
ascnlied  to  iraperfectioDs  in  the  method  of  rating.  This  is  espedally  tho 
case  when  the  method  used  by  Williams  and  others  is  adopted,  which  consists 
in  observing  the  central  velocity  by  a  Picot  tube,  and  calculating  its  ratio 
to  the  voluntetrically  observed  mean  velocity  by  equations  which  are  them- 
selves tut^ect  to  a  certain  amount  of  probable  error  (roughly  o'S;  that  of  C). 
We  may  thus  assume  that  the  C,  given  by  ratings  in  flowing  water,  is  iax 
more  constant  than  that  given  by  still  water  ratings. 

C<»npBring  these  results  with  those  of  White  (see  p.  67),  we  are  led  to 
infier  that  the  variations  in  C,  from  run  to  run,  are  not  entirely  due  to  errors 
of  observation,  but  have  a  real  physical  existence  dependent  on  the  irregularity 
of  tbe  motion  of  the  water,  and  are  the  more  marked  the  greater  the  difference 
between  the  mean  coefficient  and  unity. 

When  accuracy  is  desired,  it  is  therefore  essential  to  calibrate  Pilot  tubes 
in  flowing  water,  and  to  design  them  so  as  to  obtain  C  ^  1*00^  which  is  best 
anained  hy  following  the  lines  of  Sketch  No.  12. 

The  general  impression  left  on  my  mind  is  that  each  Pitot  tube  (or  rather 
the  pressure  orifice  of  each  tube),  even  when  supposed  to  be  an  accurate 
duplicate  of  one  already  caUbrated,  must  be  individually  calibrated.  There 
is  no  doubt  that  this  is  the  case  when  the  accuracy  <A  duplication  is  equal  to 
that  of  ordinary  handwork. 

In  order  to  avoid  these  uncertainties,  Gregory  (Trans.  Am,  Soe.  of  Meeh. 
E»X^  September  igo8)  and  Cole,  have  designed  Pitot  tubes  where  the  pressure 
tube  is  an  exact  reduplicalion  of  the  impact  tube,  except  that  its  orifice  is 
turned  downstream.  The  experimenters  assume  that  the  indications  of 
du|dicate  instruments  of  this  construction,  will  agree ;  and  if  this  is  the  case, 
the  device  has  made  the  Pitot  tube  a  standard  instrument  which  can  be 
Duau&ctured  in  quantities,  and  distributed  for  use.  Nevertheless,  definite 
proof  is  desirable ;  since,  at  present,  general  practical  employment  forms  the 
only  basb  for  the  above  statement. 

Gregory  obtains  for  his  type  .  .    v  =  i'\a-j2gh 

Cole  obtains  for  his  type  .    v=  ri^-^zgA 

qiparently  by  calibration,  in  flowing  water  in  pipes  (sec  Sketch  No.  is). 

Thus,  I  conuder  that  the  usual  field  of  utility  of  a  Pitot  tube  will  be  found 
to  lie  in  gaugings  of  pipes  and  other  extremely  smooth  channels  of  small 
dimensions. 
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TTie  preliminary  studies  raqaire  time.  We  must  (ao  !■  believe)  calibnte  the 
tube  in  the  actual  pipe  which  it  is  intended  to  use,  and  fix  the  instnttuent  at 
a  point  in  the  croas-section  of  the  channel  where  its  inctications  are  found  to 
bwu*  a  definite  ratio  to  the  mean  velocity  of  the  water  flowing  in  the  chaiuid. 
Then,  as  the  tube  offers  an  exiremely  small  re«staiice  to  the  motion  of  the 
water,  it  can  be  permanently  left  in  the  pipe,  and  can  be  used  as  a  recording 
instrument.  Cole,  by  employing  |Aot<^raphy  to  record  the  osciU^ons  of 
the  water  columns,  has  constructed  a  water  meter  which  records  the  total 
quantity  passing  through  the  pipe  each  hour,  or  each  day. 

The  method  is  open  to  many  theoretical  objeciionB,  In  the  first  place, 
Williams  {ut  stipra)  and  Bilton  (Proc.  of  Vittorian  Inst,  ef  Engifftn,  1909) 
have  shown  that  the  distribution  of  velocities  over  the  cross>section  of  a  pipe 
greatly  depends  on  the  mean  velocity,  and  Bazin  (7"r«»r.  Am.  Soc.  of  C^., 
vol.  47,  p.  258)  has  shown  that  it  depends  on  the  roughness  of  the  pipe. 
Thus,  the  Cole  piunneter  will  probably  record  a  velocity  whidt  is  only  equal 
to  the  mean  velocity  for  one  particular  value,  arid  this  value  will  vary  Iron 
year  to  year  as  the  pipe  becomes  more  encrtisted.  On  the  other  hand,  wirii 
the  exception  of  the  more  costly,  and  tess  easily  fixed  Venturi  meter,  no 
other  simple  instniment  exists  which  will  permit  the  momentary  flow  to  be 
as  easily  ascertained  as  time  is  read  from  a  watch ;  and  personally,  i  should 
prefer  to  know  the  quantity  of  water  used  within  10  per  cent,  without  trouble, 
at  any  moment,  rather  than  to  ascertain  it  to  within  i  per  cent,  once  a  we^, 
with  difficulty. 

The  original  apparatus  used  by  Pitot  consisted  of  one  tube  only,  ix.  that 
which  has  here  been  termed  the  impact  tube.  As  already  stated,  this  apparatos 
may  be  regarded  as  needing  no  calibratioa,  provided  that  die  iKm  of  ^,  can  be 
accurately  ascertained. 

In  the  case  of  open  channels,  the  free  water  level  can  be  Teiy  closely 
determined  by  means  of  Bazin  pits  (see  p.  loi),  or  <»xlinary  gai^e  wells 
(see  p.  103).  When  siudyitig  silt  problems  I  have  found  the  simple  impact 
tube  most  useful  in  obtaining  velocities  near  to  the  bottom  of  a  canal.  These 
velocities  being  low,  the  two  fluid  gauge  must  be  employed.  So  far  as  my 
experience  goes,  the  method  is  the  best  which  wo  possess  for  ascertaining 
bottom  velocities  in  silt-laden  water,  as  it  has  none  of  the  defects  of  current 
meters  or  of  sub-surface  floats ;  aldtougb,  where  the  bottom  can  be  seen, 
these  latter  (preferably  in  the  form  of  red  currants)  are  very  simple,  but 
less  reliable. 

So  also,  an  impact  tube  attached  to  a  mercury  column,  or  the  ordinary 
Bourdon  pressure  gauge,  is  very  useful  for  the  study  of  jets,  such  as  are 
employed  in  impulse  wheels.  Here,  a  design  is  required  possessing  sufficient 
strength  and  stiffness  to  resist  the  pressure  of  the  flowing  water  (which  may 
amount  to  values  equal  to  100  lbs.  per  square  inch),  and  Of  such  a  form  that 
spattering  and  splashing  from  the  jet  does  not  occur.  Eckhart's  design 
{Proe.  of  Insi.  af  Meek.  Bngituers,  1910)  seems  very  excellent.  A  piece  of 
sheet  steel  {  inch  thick,  and  i\  inches  wide,  is  drilled  through  its  2|  inch 
width  with  a  ^  inch  hole,  and  the  back  of  this  hole  is  connected  by  a  fiiir 
curve  with  an  \  inch  steel  tube,  soldered  to  the  back  of  the  plate.  The 
front  of  the  plate,  and  the  tip  of  the  front  end  of  the  hole,  are  sharpened  df 
to  a  knife  edge ;  and  the  whole  plate  can  be  slid  in  and  out  of  The  jet  by  a 
screw  and  lock  nuts  working  in  a  fixed  grooved  damp- 
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Gaugihc  by  Chemical  Methods.— ■'T\vb  priiici[Je  ia  very  simple.  Sup. 
pose  that  a  weight  of  fn  lbs.  of  a  chemical  be  added  each  second  to  a  stream 
discbufing  Q  cusecs,  and  that  after  thorough  mixture  a  saiAple  taken  btxa 
the  stream  is  found  to  contain  I  lb.  of  the  chemical  per  n  lbs.  of  water,  then 
eridently : 

The  practical  details  requite  somewbat  caiefoi  coosideratioD,  and  investiga- 
tions of  the  necessary  conditions  lead  me  to  believe  that,  when  these  are 
properly  Ailliiled,  the  method  is  a  very  excellent  one. 

The  two  crucial  points  are  :  Firstly,  that  the  chemical  b  iKlded  at  a  definite 
ud  constant  rate.  Secondly,  that  thorough  mixture  txkes  pl&ce  befoi«  the 
sunple  is  drmwn  off  for  analysis. 

In  order  to  ascertain  the  necessary  conditions  for  ensuring  these  results,  I 
carried  out  84  tests  on  streams  varying  from  15  to  96  cusecs,  flowing  in  earthen 
channels  J  10  zo  feet  in  width,  and  with  mean  Velocities  ranging  &on  I'S  to 
5  lieet  per  second. 

The  obvioos  method  of  adding  the  chemical  (which  in  78  of  my  tests  was 
unnmou  salt,  and  in  the  other  6,  calcium  chloride),  is  to  dissolve  it  in  water, 
and  deliver  the  solution  through  a  small  orifice  under  a  constant  head.  While 
a  saturated  solution  is  liable  to  deposit  crystals  in  the  measuring  orifice,  and 
» interfere  with  the;  regularity  of  the  flow,  it  is  plain  that  it  is  advisable  to  use 
1  concentrated  solution  in  order  to  handle  as  small  a  votnme  as  possible.  - 

Such  a  solution  has  a  specific  (fravity  greater  than  unity,  and  conseqaenily 
the  volume  discharged  cannot  be  calculated  by  ordinary  rules,  but  must  be 
observed  by  weighing  the  quantity  discharged  in  a  given  period. 

Owing  to  evaporation  and  impurities  exisdng  in  all  cotnmercial  chemicals, 
it  is  impossible  to  make  up,  day  after  day,  a  solution  of  a  sufficiently  constant 
specific  gravity  to  produce  a  constant  discharge,  so  that  it  ia  necessary  to 
observe  the  discharge  of  the  orifice  with  eaiih  fresh  batch  of  aolulion. 

In  order  to  ascertain  the  conditions  for  a  saris&ctory  mixture  of  the  scrfntion, 
and  the  water  of  the  stream,  samples  were  taken  at  points  at  various  distances 
below  the  point  where  the  solution  flowed  into  the  stream,  and  at  diSennt 
intervals  during  the  period  when  the  solution  was  in  flow. 

The  solution  was  assumed  to  be  thoroughly  mixed  with  the  stream  when  the 
proportions  of  the  added  chemical  in  the  various  samples  thus  obtained  did  not 
differ  by  more  than  i  per  cent.  It  is  believed  that  under  the  circumstances  of 
Uie  analyses  a  variation  of  J  per  cent,  could  be  detected.  Thus,  it  is  possible 
(bat  the  following  rules  would  require  modification  if  they  were  employed  by  a 
DOrc  skilful  analyst. 

It  would  be  impossible  to  quote  details  of  over  1000  analyses,  but  the 
genei^  results  are  as  follows  : 

Let  V^Tcpresent  the  mean  velocityof  the  stream,  and  ^,  its  breadth.  Then, 
for  streams  with  depths  between  — ,  and  — ,  complete  mixture  (as  above 
defined)  does  not  occur  until  a  distance  of  at  least  6^,  has  been  traversed, 
ud  the  discharge  of  the  solution  has  conlinued  for  a  period  equal  to  at  least 
14  ^  seconds.    Also,  if,  under  these  conditions,  samples  are  taken  more  than 
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y-  seconds  after  the  discharge  of  chemical  has  ceased,  a  diminution  in  ihe  con- 
tent of  chemical  occurs,  owing  to  the  stoj^iage  of  the  addition  of  the  chemical. 

These  results  suggest  that  the  raiio  between  the  maximum  and  miiuinnDi 
velocities  existing  in  the  cross -sections  of  the  streams  experimented  on,  is 
always  less  than  2  to  i  ;  which  agrees  very  ^rty  with  our  general  knowledge 
of  the  subject. 

Let  us  now  consider  the  practical  effect  of  these  conditions. 

Assume  a  stream  20  feet  wide,  and  3  feet  de^,  cairyitig  90  cueecs, 
i.e.  V„  =  I'S  foot  per  second,  or  ^  =  320. 

Thus,  we  must  add  solution  for  320  seconds,  and  sample  about  130  feet 
bdow  the  point  where  the  solution  enters  the  stream. 

Using  Ihe  ordinary  volumetric  methods  for  the  determination  of  chlorine, 
I  found  that  it  was  possible  to  determine  the  fraction  —  with  an  accuracy  of 
I  per  cent,  so  long  as  »  did  not  exceed  30,000 ;  and  that  the  task  was  less 
difficult  when  n  =  20,000,  or  less.  Thus,  for  the  determination  of  a  90  cusec 
flow,  with  an  accuracy  of  i  per  cent.,  it  was  necessary  to  add  salt  (NaCl)  at  the 
rate  of  at  least  0-19  lb.  per  second,  and  preferably  at  0-38  lb.  per  second. 
Hence,  one  ganging  required  an  expenditure  of  at  least  61  lb.,  and  preferably 
90  lbs.  of  salt ;  and  the  solution  containing  approximately  ^  lb.  of  salt  per 
pound  of  solution  (saturated  solutions  possessing  o'3i2  lb.  p«r  pound  of 
solution),  the  least  possible  volume  of  solution  was  apprnximately  4,  or  6  cube 
feet,  and  was  added  at  the  rate  of  o'oi  3  to  o'02  cusec. 

In  practice,  since  the  available  orifices  discharged  approximately  0*00;, 
O'OI,  0'03,  and  0*04  cusecs,  the  minimum  quantity  of  salt  consumed  in  this 
gauging  was  about  90  lbs.,  contained  in  6  cnbe  feet  of  solution  ;  and  the  actual 
results  were  no  lbs.  and  y'z  cube  feet,  since  the  experiment  continued  for 
nearly  400  seconds. 

This  particular  stream  was  the  most  difficult  example  dealt  with,  owing  to 
its  low  velocity  ;  but  as  a  fevourable  case  I  found  with  : 

A  stream  3  feet  deep,  and  10  feet  broad,  with  a  mean  velocity  of  3  feet  per 
second,  i^. 

Q  =  90  cusecs  as  before,  but  24  ^  =  80, 

only  one  quarter  of  the  above  quantities  were  required. 

The  method  is  capable  of  great  accuracy.  Thus,  in  determining  a  stream 
of  approximately  7  cusecs,  which  was  passed  over  a  weir  (not  for  measurement, 
but  as  being  the  best  method  of  keeping  the  discharge  constant),  the  results  of 
eight  observations  gave : 

Discharge  —  7'473  ±  o'lS  cusec, 
ie.  a  probable  error  of  o^  per  cent. 

If  this  be  the  true  accuracy  of  a  chemical  gauging,  it  is  plain  that  com- 
petition by  any  other  method  is  hopeless. 

The  real  criterion  for  the  adoption  of  this  system  is :  Does  thorough 
mixture  occur?  Thus,  it  is  admirably  adapted  for  such  purposes  as  the 
determination  of  the  coefficients  of  discharge  of  weirs  or  orifices,  and  of  the 
quantity  Of  Water  Utilised  by  all  types  of  hydraulic  machinery.     It  is  less  suii- 
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able  for  the  gauging  of  rivers  ;  lai^e  and  placid  streams  requiring  considerable 
quantities  of  chemical,  and  the  preparation  of  much  above  8,  or  9  cube  feet  of 
soludoD,  of  uniform  composition,  is  a  difficult  matter. 

If  a  bulk  of  solution  much  exceeding  4  or  5  cube  feet  is  necessary,  very 
cardiil  and  systematic  mixture  of  the  solution  is  needed. 

As  an  example,  a  volume  of  1 1  cube  feet  of  salt  solution,  was  discharged  at 
a  lale  of  about  o'oi  cusec,  and  samples  were  taken  every  100  seconds.  The 
analyses  were  as  follows : 


1       r^ 

Per  cenL  Content 
in  Salt. 

Time. 

Pec  cent.  Content 

in  Salt. 

^ 

22-8 

600 

32-4 

227 

700 

200 

22-6 

800 

J2-8   ' 

1        300 

2!-7 

900 

23-8 

400 

229 

1000 

23-9 

1        500 

The  maximum  content  is  229  per  cent.,  and  the  minimum  22*4  per  cent.,  or 
a  variation  of  3  per  cent,  in  the  strength  of  the  solution  occurs.  The  stirring 
and  mixing  was  as  systematic  as  i^as  possible  with  unlimited  labour,  but  no 
mechanical  appliances  were  employed.  I'he  volumetric  method  used  was 
certainly  capable  of  detecting  variations  in  the  strength  of  the  solution  of 
05  per  cenL,  and  is  believed  to  be  accurate  to  02  per  cent.  Thus,  it  may  be 
iaferred  that  at  least  1*5  per  cent,  variation  in  strength  occurred  in  certain 
portions  of  the  solution,  and  these  differences  cannot  be  avoided  unless  special 
mixing  tanks  are  provided. 

The  above  information  is  entirely  founded  on  experiments  conducted  by  the 
addition  of  chlorides  to  the  stream.  The  chlorine  was  estimated  volumetrically 
by  silver  nitrate,  with  potassium  chromate  as  indicator.  Reference  is  made  to 
Sutton's  Volumetric  Analysis  for  details. 

The  method  has  many  practical  advantages,  and  was  well  adapted  to  the 
water  experimented  on,  which  was  naturally  almost  free  from  chlorides.  If 
chemical  diCGculties  alone  are  considered,  greater  accuracy  can  be  obtained  by 
adding  acid  (preferably  sulphuric  acid),  or  an  alkali  (preferably  caustic  soda). 
The  best  substance  depends  on  the  salts  originally  present  in  the  water. 

The  following  table  is  derived  from  one  given  by  Stromeyer  (PJ.C^,, 
vol.  160,  p.  351). 

Column  3,  4,  5,  and  6,  indicate  the  figures  which  I  believe  should  be  obtain- 
able by  volumetric  methods,  by  an  engineer  who  is  not  a  skilled  chemist. 
Column  5  is  calculated  on  the  supposition  that  dilutions  only  two-thirds  as  great 
as  those  employed  by  Stromeyer  are  advisable,  and  ihe  volume  of  solution  in 
Column  6,  is  calculated  on  the  basis  that  a  solution  is  employed  which  is  only 
Sve-sixtbs  saturated. 

Such  concentrated  solutions  of  common  salt,  and  calcium  chloride,  carbonate 
and  bicarbonate  of  soda,  etc.,  are  easily  handled ;  but  caustic  soda  and 
sulphuric  acid  should  be  used  in  a  more  diluted  form,  as  the  concentrated 
Mlution  is  very  vJKOua. 
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Cohonit  7,  is  calculated  for  gravimetric  methods,  on  the  assumption  that  a 
I  litre  sample  of  the  mixture  is  taken,  and  that  the  precipitate  obtained 
should  tfacD  weigh  0*01  gramme,  a  saturated  solution  being  used. 

M;  own  experience  with  gravimetric  work  has  been  unfortunate,  but  I 
attribute  this  entirely  to  lack  of  skill,  and  consequently  am  unable  to  state 
whether  these  figures  are  as  reliable  as  the  others. 

It  wiU  be  noted  that  Mr.  Stromeyer,  being  a  skilled  analyst,  is  able  to  get 
good  results  with  considerably  more  dilute  solutions  than  my  limited  ex- 
perience permitted.  It  will  be  seen,  however,  that  even  with  his  values  we 
must  be  prepared  to  deliver  fiiirly  large  volumes  of  solution,  unless  the  costly 
and  tedious  gravimetric  methods  are  employed. 

The  above  considerations  permit  us  to  state  that  the  chemical  method  is  : 

(a)  Best  adapted  for  systematic  gaugings  of  a  stream  in  such  work  as 
turbine  testing  where  a  suitable  installation  for  chemical  gaugings  would 
allow  us  to  dispense  with  the  cost  of  installing  a  weir,  and  the  loss  of  head 
entailed. 

(4)  The  necessary  apparatus  entails  greater  first  cost,  but  the  expense  of 
eadi  gauging  is  fu-  less  than  that  of  a  current  meter  gauging,  and  requires  a 
ihorttrtime. 

D  the  case  of  quantities  under  too  cusecs,  is  about 
Mer  gauging,  and  is  approximately  equal  to  that  of 
a  good  weir  gauging. 

Havmg  expressed  the  opinion  that  the  method  is  quite  inapplicable  to 
pioneer,  or  reconnaissance  work,  I  feel  it  due  to  Mr.  Stromeyer  to  state  that  he 
gives  instructions  for  what  he  terms  a  "gulp  method";  which  consists  in 
pouring  solution  containing  a  known  weight  of  chemical  as  quickly  as  possible 
into  a  stream,  and  taking  a  continuous  sample  of  the  resulting  mixture. 

My  tests  of  this  system  (when  its  results  were  checked  by  those  of  weir  and 
rod  float  determinations)  were  decidedly  adverse,  as  I  found  that  errors  of  lo, 
to  15  per  cent,  occurred.  I  must,  nevertheless,  acknowledge  that  the  process 
obviously  needs  very  careful  and  well  thought  out  preparations  for  securing 
continuous  samples  of  the  mixture,  and  that  my  arrangements  were  by  no 
means  satisfactory. 

It  appears  that  such  a  sampling  apparatus,  when  practical,  lacks  portability, 
and  is  therefore  unlikely  to  be  employed  in  reconnaissance  work. 

The  method  has  one  very  practical  application.  It  can  be  used  to  rapidly 
sod  cheaply  determine  the  coefficients  of  discharge  of  weirs,  or  other  falls  of 
water.  Here  the  conditions  for  producing  a  thorough  mixture  are  very  efficient, 
uid  an  addition  of  the  chemical  for  periods  much  exceeding  one  minote  is 
unlikely  to  be  required. 

Let  it  be  assumed  that  we  wish  to  detennine  a  1000  cusec  flow,  and  are 
ming  common  salt. 

A  solution  containing  16  lbs.  per  cube  foot  is  easily  made  up,  and  such  a 
solution  can  be  detected  with  an  accuracy  of  1  per  cent,  when  diluted  to  i 

in  12160  X =  I  in  10,000. 

19-5 

ITiQs  a  flow  of  o'l  cusec  will  suffice,  or  we  can  use  about  6  cube  feet  of 
solution  and  96  lbs.  of  salt  per  minute. 

For  gravimetric  methods,  let  us  suppose  that  an  accuracy  of  q'%  per  cent. 
>■  required,  sad  that  the  balance  available  will  indicate  o'l  mgrm.    We  there-' 
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fore  wish  to  have  20  mgnns.  of  precipitate,  and  find  that  with  a  16  lbs.  per  cube 
foot  solution,  i'64  cube  mm.  will  give  i  mgrm.  of  precipitate  ;  or,  that  our  sample 
must  contain  the  equivalent  of  328  c.mm.  of  concentrated  solution.  Noiv, 
assume  that  we  take  a  litre  sample,  equal  to  1000  c.c,  or  1,000,000  cnuu.    Thus 

a  dilution  of  -^ ^—  =  30,000,  is  permissible,  or  say  approximately  three  parts 

32-8 

per  100,000.'  Or,  we  could  use  2  cube  feet  per  minute,  and  52  lbs.  of  salt ; 
and  if  we  chose  (as  a  skilled  chemist  probably  would)  to  work  with  5  litres, 
and  a  balance  indicating  -j^ih  of  a  mgrm.,  we  could  work  with  o'ot  cube  foot 
per  minute,  and  about  0*64  lb.  of  salt 

Any  of  these  dilutions,  however,  are  approximately  identical  with  the 
quantities  of  salt  noimally  occurring  in  British  waters,  and  in  such  cases  it  is 
plain  that  sulphuric  acid  will  probably  give  more  accurate  results.  In  any 
actual  case,  a  preliminary  study  of  the 
natural  chemical  contents  of  the  water 
is. required,  and  the  advice  of  a  skilled 
'   chemist  is  useful. 

Practical  Details.  —  The  only 
real  difficulty  lies  in  the  steady  discharge 
of  the  solution.  Sketch  No.  13  shows  the 
arrangement  which  I  finally  adopted 
The  vessel  was  6  in.  x  6  in.  x  2  feet  high, 
and  discharged  through  a  small  Borda 
mouthpiece  B,  screwed  into  the  plate 
'   AA,  riveted  to  its  side. 

The  solution  was  fed  to  the  vessel 
by  a  pipe  C,  which  was  provided  with 
a  tap  (not  shown)  for  approximately 
regulating  the  flow.  Any  excess  in  the 
discharge  at  B,  was  allowed  to  escape 
by  the  overflow  weii  W,  and  was  drawn 
off  by  the  second  tap. 

The  calculations    are   fairly    plain. 

The   head  over  the  oriflce  measured 

13  for  Chemical  from  B,  to  W,  is   1-5  foot.     The  maxi- 

Gaining.  mum  discharge  which  it  is  intended  to 

pass  is  0'O4  cusec     Suppose  that   C, 

suf^lied  005  cusec,  then  o-oi  cusec  must  escape  over  the  lip  W,  which  is  18 

mches  long.  ,  The  rise  in  the  water  surface  above  \y,  is  then  given  by  ; 


—  e-- 

1 

Sketch  N 


i-SX3-33A'*= 


Therefore,  k  =  0-015  fo<"i 


and  the  discharge  through  B,  is  consequently  : 

O'o4  X  y/     "'-=  o'04Xfoos      cusec. 

So  that,  even  with  a  very  rough  regulation  of  the  tap  on  C,  the  discharge 
throi^h  B,  will  not  vary  i  per  cent. 

Care  being  taken  to  accurately  regulate  the  tap,  the  actual  dischaigt  is 
easily  kept  c 
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I  foand  that  a  set  of  orifices  discharging  approximately  0*005,  o'oi>  0'02, 
and  0-04  cusec  were  quite  su(!ictent  for  practical  use. 

So  far  as  my  experience  goes,  discharges  up  to  100  cusecs  can  always  b« 
gauged  with  an  accuracy  of  I  per.  cent.,  provided  that  10  cube  feet  of  solution 
am  be  made  up,  and  can  be  thoroughly  mixed,  and  that  orifices  delivering 
0005,  o-oi,  aoa,  and  0-04  cusec  (approximately)  are  available.  For  lai^er 
discbaiges  the  table  will  permit  the  necessary  quantities  to  be  estimated. 

The  chief  difFiculttes  (other  than  chemical  ones)  will  be  found  to  arise  as 
loliows ; 

(i)  In  preparing  a  large  volume  of  dosing  solution  of  uniform  strength, 
(ii)  In  determining  when  complete  mixture  has  occurred. 
The  dtemical  difficulties  are  probably  easily  surmounted  by  a  practical 
dienist.    To  an  engineer  unprovided  with  an  accurate  balance  for  making  up 
tbe  test  solutions  the  following  points  appear  to  be  the  most  important ; 
(i)  The  detennination  of  the  end  point  of  the  reaction. 
This  is  very  marked  if  an  acid  or  alkali  be  employed,  but  is  somewhat 
blunt  when  chlorides  are  estimated. 

(ii)  In  hot  climates  the  strengths  of  the  solutions  employed  are  affected  by 
evaporation.  This  can  be  allowed  for  (since  the  quantities  required  are 
relative  amd  not  absolute)  by  blank  experiments,  but  these  are  tedious.  There 
is,  however,  little  doubt  that  any  large  scale  gauging  operations  of  sufficient 
importance  to  occupy  two  engineers,  could  be  better  effected  by  an  engineer 
assisted  by  a  chemisL  Judging  by  my  own  experiments,  the  cost  in  labour 
and  material  will  be  less  than  half  that  required  for  current  meter  gaugings  of 
the  same  magnitude.  The  only  possible  exception  is  that  of  a  large  and  very 
stow  flowing  river )  and  such  cases  are  easily  detected  by  a  preliminary 
expen'ment  with  colouring  matter,  as  described  under  the  heading  Pipes. 

Vknturi  Meters.— The  Venturi  meter  was  first  applied  to  water 
measurement  by  Clemens  Herscheil.  It  consists  of  a  double  cone  forming  a 
constriction  in  a  pipe,  as  shown  in  Sketch  No.  14. 

Let  the  area  of  the  unconstricced  pipe  at  S,  be  represented  by  Ai,  and  let 
A(,  represent  the  axea  of  the  throat,  or  smallest  portion  of  the  constriction. 

Putp=^.     Let  Va  and  vj,  be  the  corresponding  velocities,  and ^  and  jhi  b" 

the  pressures  in  feet  of  water  at  these  points. 
Then,  assuming  that  the  flow  is  regular : 
If  Q  be  the  quantity  of  water  passing  per  second,  we  have  ; 

QsofiAj—WiAi,  or  Vt—pv, 

Neglecting  friction,  and  other  losses  in  the  cone  ST,  we  have  : 


Similarly,  if  we  assume  that  the  frictional  losses  between  S,  and  T,  are 

equal  to  A,  feet  of  water  :  

We  have,    Q=.A,  ^'^Pir.P'-*}i 
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Now,  hx,  is  snuUI.    Thus,  in  practice  i 
neglected  shock  and  skin  friction.    So  we 


factor  is  allowed  (or  the 


V        p>-i 


IL^ 


is  found  that  C,  is  approximately  equal  to  unity.  It 
nee  the  skin  friction  of  water  moving  in  smooth  pipes 
the  square  of  the  velocity,  C  varies  with  v^    Actually, 

are  very  small ;  and  for  all  practical  purposes  C,  is 


In  actual  working 
will  also  be  plain  that 
does  not  vary  exactly  t 
however,  these  variatia 
constant. 

Herscheli  {Trans.  Am.  Soc.  of  C.E.,  vol.  17,  p.  238)  gives  a  very  carefiil 
series  of  experiments  on  two  Venturi  meters,  each  widi  p  =  9.  But  in  one  case 
A(,  was  approximately  a  circle  of  9  feet  in  diameter,  while  in  the  other  A«  was 
approximately  a  circle  of  1  foot  in  diameter. 


Skbtch  No.  14.— Theory  of  the  Veniuri  Meter. 

The  curves  for  C,  show  marked  variations  when  v„  is  less  than  10  feet  per 
second.  The  values  for  the  9-foot  pipe  rise  in  a  quasi-parabolic  curve  to 
C  =  fo8,  when  Vf=2  feet  per  second  ;  and,  in  the  case  of  the  i-foot  pipe,  fall 
in  a  similar  curve  to  C  =*  075,  when  v,  =  i-foot  per  second. 

For  values  of  Wi,  greater  than  10  feet  per  second,  however,  C,  is  as 
follows : 


IlerschcU' 

V,aluei,p=9. 

CiAer's  Values  for 
a  1-6-inch  Pipe, 

g-foot  Pipe. 

i-fbot  Pipe. 

10 

0-980 

0-980 

.•3fi8 

xa 

0-970 

0-990 

1-003 

30 

0-960 

0992 

0-978 

40 

0995 

0-967 

SO 

0-999 

0-956 
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Coket's  values  an  t^en  from  ■  smoothed  curve  of  his  results,  as  siren  in 
Proc.  of  Can.  See.  o/CE.,  October,  igoj. 

The  Venturi  meter  is  probably  a  far  more  accurate  water  measurer  than  a 
weir,  so  that  only  the  last  two  columns  (which  are  obtained  from  direct 
volumetric  measurements)  need  be  considered  as  of  t»e  in  determining  the 
law  of  the  variations  of  C, 

Since  the  meter  is  so  accurate,  the  following  investigation  will  be  found  of 
practical  use. 

Assuming  that  v^-Ct-Jrs,  represents  the  law  for  all  the  losses  in  the 
Veatuti  meter,  then  the  bead  lost  in  a  frustrum  of  a  cone  of  which  the  initial 
ud  terminal  diameters  are  d^  and  dt,  and  the  vertical  an^lc  is  27,  is  given  by 
ihe  equation :  • 


-m 


where  Ci  may  be  taken  as  having  a  value  very  close  to  that  which  occurs 
in  a  pipe  of  an  area  Ai,  when  the  velocity  is  vt. 

Thus,  the  frictional  head  lost  in  the  upstream  cone  ST,  is  very  approxim- 
ately equal  to : 

*t-f-  .^'        f'-'-i}     ■ 
Cf'tany,  l       p'J 

and  the  aibular  loss  in  the  down>3tream  cone  TU,  is: 

and  provided  that  the  area  at  S,  is  equal  to  the  area  at  U. 

Thus,  if  a  third  gauge  be  established  at  the  point  U,  and  the  difference 
between  /„  the  pressure  in  the.gauge  at  S,  and  the  pressnre  indicated  by  the 
gauge  at  U,  be  .t,  we  have  : 

k  =  k^^h^        and  A- ^^^^* 

cot  Yi  +  cot  y,        . 

where  ruandrti  are  the  semi-vertical  angles  of  the  two  cones.    This  last  equation 

holds  if  the 

>n,and»,ai 


holds  if  the  law  of  fictional  resistance  is  of  the  form,  hf  =  -^ ;  provided  that 


d,~-d. 


Hence,  Aj,  can  be  calculated. 

In  practice,  the  areas  at  S,  and  U,  are  not  always  exactly  equal ;  and  this 
should  be  allowed  for  by  decreasing  the  observed  difference  in  the  pressures  by 
Ihe  quantity  -"—    -■,  regard  being  piud  to  the  sign  of  this  quantity. 

It  is,  however,  doubtful  whether  the  investigation  is  entirely  reliable  in  this 
case. 

An  experimental  proof  of  the  relation,  C  =  ■  '  ^'  ~" — \  on  a  large  scale  is 
greatly  to  be  desired. . 
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Working  with  a  very  badly  proportioned  and  roughly  mad«  conatrictioD  (it 
would  be  unfair  to  call  it  a  Venturi  meter),  1  found  as  foUosrs : 


"■^X 

Calcutaied  Value 
ofC. 

"•K^St"" 

11-7 

13-8 

14-3 
31-4 

0-983 

0-984 
0973 

0-98? 
0-988 
0986 

<'-977 

The  agreement  is  satisfactory ;  but  the  methods  of  observation  were  not 
sufficiently  accurate  to  enable  any  real  reliance  to  be  placed  on  the  results,  as 
the  volumetric  measurements  are  known  to  be  subject  to  an  error  of  07  pet 
cent.  It  is,  however,  plain  that  the  method  of  correction  adopted  enabled  an 
otherwise  unreliable  instrument  to  produce  results  which  were  quite  as  accurate 
as  a  volumetric  measurement  in  the  field. 

It  is  believed  that  calculations  founded  on  this  corrected  form  of  the 
Venturi  equation  permit  greater  accuracy  in  water  measurement  than  any  other 
method,  and  any  inaccuracies  are  probably  due  to  the  difficulties  of  observing 
k,  quite  as  much  as  to  defects  in  the  theory.  It  is,  however,  certain  that  the 
calibrated  commercial  Venturi  meter  which  can  now  be  obtained  from  many 
firms  is  so  accurate  that  only  volumetric  methods,  or  the  very  best  weir 
observations,  can  be  employed  to  check  it. 

The  following  investigation  of  the  possibilities  of  changes  in  C,  is  therefore 
only  useful  when  extreme  accuracy  is  required. 

The  losses  represented  by  ki,  are  due  to  skin  friction,  and  changes  in  the 
direction  of  the  velocities  as  the  water  passes  through  Che  cone.  These  last 
Alexander  {P.I.C.E.,  vol.  isg,  p.  341)  has  shown  to  be  probably  expressed  by 
terms  of  the  same  form  in  v,  as  the  frictional  lasses.    Thus, 

k-i  =  Kv,'  (where  v^  is  the  velocity  in  the  pipe). 

Kow,/i  —pi,  is  approximately  proportional  to  v?. 

Hence,  approximately  C  ^  -  '   -; — '- 

Now,  so  long  as  v^  is  greater  than  Osborne  Reynold's  higher  critical  value, 
«,  varies  between  175  and  2-1.    (See  p.  20.) 

Thus,  we  have : 

(i)  Vn  is  greater  than  va  (or,  as  practically  discovered  by  Herschell  when 
V,,  is  greater  than  a  certain  value), 

C«  =  I  -  —:;; 

So,  for  smooth,  new  pipes  where  n,  is  less  than  3,  we  may  expect  that  C,  is 
less  than  1 1  and  that  C,  increases  as  v^  or  Q,  increases. 

For  encrusted  pipes,  n  =  i,  and  C,  should  be  constant.  For  old,  encrusted 
pipes,  where  «  exceeds  2,  C  may  be  expected  to  decrease  as  -v,,  increases. 

(it)  If,  however,  v^  is  so  small  that  (he  velocity  falls  below  the  critical  value 
at  some  point  in  the  meter  (which  Coker^s  experiments  have  shown  may 
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prabablir  occar  in  cones,  for  values  which  considenbly  exceed  those  at  which 
it  occurs  in  cylindiical  pipes)  we  have  ; 


where  a  and  |S  are  coefficients  of  the  character  disCuUed  on  p)^e  i;,  and' 
upress  the  fa^t  that  the  square  of  the  mean  velocity  tw  longer  accurately 
represents  the  mean  energy  of  the  motion  of  the  water.  Any  estimation  of  the 
values  of  a  and  j3  is  impossible  ;  but  it  will  be  plain  that  the  peculiar  values  of 
C,  ibond  by  Herschell,  when  vt,  is  small,  do  not  conflict  with  theoretical 
results.  * 

The  practical  effects  of  the  above  investigation  may  be  summed  up  as 

0)  For  each  Venturi  meter  a  minimum  value  of  vt,  or  Q,  exists,  and  the 
mMa  coefficient  C,  varies  very  rafndly  when  Q,  is  less  than  this  value.  Under 
ibese  drcumstances,  C,  is  dependent  upon  the  temperature  of  the  water,  and 
npoo  the  character  of  its  motion  before  reaching  the  meter  [  so  that  the  meter 
luybe  regarded  as  useless  for  measuring  quantities  less  than  this  minimum 
ralue.    The  minimum  value  of  Q,  may  be  assumed  to  be  determined  by  the 


-,  differs  from  that  for  a  velocity  ^  ; 
«  is  approaching  Osborne  Reynold's 


&ct  that  the  friction  law  for  a  velocity^ 
and  this  probably  occurs  when  V-  ■=  1 

critical  velocity,  so  that  Ae  minimum  value  of  v.,  possibly  varies  as  ^■'"'I'C'* 

'■«  is  the  diameter  of  the  pipe. 

This  matter  has  been  recognised  by  Herschell,  and  Jiis  rules  are  given  later. 
They  may  be  r^arded  as  specifying  w*,  as  greater  than  i  foot  per  second,  and 
probably  apply  to  pipes  rz  inches  in  diameter,  or  larger.  Colter's  results  show 
that  Vq  should  be  still  greater  in  the  case  of  smaller  pipes. 

(ii)  For  values  of  Q,  exceeding  this  minimum,  C,  is  very  nearly  constant, 
ud  may  be  expected  to  increase  slightly  as  Q,  increases,  for  new  pipes ;  but 
this  increase  will  diminish,  and  may  even  possibly  become  a  decrease  as  the 
meter  grows  encrusted,  and  ages  like  a  pipe. 

I  am  not  aware  that  this  effect  has  yet  been  observed,  although  Herschell's 
resuhs  show  that  it  is  possible. 


Skstch  No.  15.— Fnctical  Propoitioni  of  the  Vanttul  Meter, 

Herschell  has  laid  down  standard  proportions  for  the  VentOri  meter  (iee 
Sketch  No.  ij).  When  the  approximate  theory  is  followed,  these  should  bf! 
adhered  to,  in  order  to  obtain  the  advantage  of  his  careful  calibrations.  The 
xccesnty  is  net  so  acute  where  the  corrected  theory  is  employed,  and  1  hove ' 
1>M|)  miaUe  to  ascertain  whether  Merst^ell's  proportions  aie  founded  on 
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experiments.  Herechell  states  that  for  values  of  vt,  exceeding  ir>  feet  per  second, 
C,  may  be  taken  as  0*99  without  very  much  error ;  and  for  values  down  to 
vt  =  3  feet  per  second,  it  is  probable  that  C,  does  not  greatly  depan  from 
values  between  o^  and  0*96. 

The  gauge  requires  some  consideration.  The  pipe  may  be  under  so  great 
a  pressure  that  the  water  columns  would  be  inconveniently  long  ;  or,  on  the 
othci  band,  the  pressure  may  be  such  that  air  would  be  tucked  into  it  at  T. 


Skbtch  No.  16.— Metcalfe's  Gauge  for  Vcntud  Meters. 

These  troubles  are  obviated  by  the  double  gauge  shown  in  Sketch  No. 
(due  to  Metcalfe,  see  Enginttring  News,  28th  Febniary,  1901). 
We  have  plainly ; 

A -A-*.  ft=p,-hi 

Therefore,  p,-pi = (/>,  -A)+<*'-*i). 
which  are  all  easily  read  on  a  scale  of  convenient  length. 

Mkasurehbnt  of  Watek  by  a  Travelling  Scrken.— The  principle 
of  this  method  n  simple.  A  very  light  scnen  of  varnished  canvas  with  ' 
stiff  framing  of  an^  mm  ia  faui^  firom  a  wheeled  carriage,  and  is  allowed  to 
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ddi  the  water  along  a  short  length  of  regular  diaaael  of  rectangular 
The  velocity  of  the  screen  is  observed  eLedtrically;  and,  after  certain 
i  for  leakages  past  its  edE^es,  this  velocity  is  taken  as  the  mean 
velocity  of  the  water. 

The  method  is  described  fn  the  Ztitschrift  des  DtuUehtr  Ingtnieure  Verein, 
of  the  10th  April,  I907>  In  the  actual  initallation  used  for  turbine  tests,  by 
Voiih  at  Hddenheim,  the  channel  is  2*992  metres  nide,  and  the  screen  2*972 
metres  wide ;  so  that  there  is  a  clearance  of  0*4  inch  at  each  side.  The 
depth  of  the  stream  is  oktstxvtA  On  eiiber  side  of  the  screen,  and  the  mean  is 
taken  for  calculating  the  area  of  the  stream. 

The  pressure  producing  leakage  through  the  (dearancea  is  estimated  from 
the  Tiling  resistance  of  the  screen,  and  is  stated  to  be  less  than  iroooi  metre 
(0*004  .inch)  of  water ;  and  the  coefficient  of  discharge  through  the  clearance 
is  taken  as  0-65,  both  at  the  sides  and  at  the  bottom  of  the  channel 

It  is  maintained  that  the  method  is  more  accurate  than  a  weir  gauging. 

It  is  quite  evident  that  the  apparatus  is  complicated,  and  that  the  pre- 
Eioinary  cahbration  is  Arduous.  The  actual  gauging,  however,  is  very  simple  ; 
and,  owing  to  the  velocity  being  electrically  recorded,  the  results  are  obtained 
directly  in  a  sense  that  mere  written  data  of  a  gauge  reading  cannot  be. 
The  only  uncertainty  is  in  respect  to  leakage,  which,  in  Voith's  application  of 
the  method,  is  so  small  a  fractjon  of  the  total  discharge,  as  to  be  of  little 

It  would  therefore  appear  that  for  permanent  work  on  water  which  is 
absolutely  free  from  drift  and  silt,  the  method  is  probably  one  of  the  best  yet 
mployed  ;  ^ce,  once  installed,  it  does  not  require  the  presence  of  a  trained 
observer,  nor  is  any  head  lost,  as  in  the  case  of  a  weir.  Its  adoption  is  well 
■oith  consideration  in  such  cases  as  large  town  water  supplies,  or  power 
schemes  where  the  water  is  clear,  and  passes  through  an  open  conduit,  as  the 
records  can  be  worked  np  at  a  distance,  and  at  leisure 

DisCHAROB  Cdrvks. — The  obvious  meAod  of  determining  the  daily  dis- 
charge, of  a  river  is  to  use  the  individual  observations  of  discharge  oboiined 
by  the  various  processes  discussed  above,  in  order  to  determine  a  relation 
between  the  quantity  discharged,  and  H,  the  height  of  the  river  sur&ce,  as  read 
OD  a  fixed  gauge  at  the  point  of  observadon. 

We  can  thus  determine  a  relation  : 

Q-/{H) 
The  following  are  actual  examples  of  such  formnlx  :    . 

The  Loire  at  Roanne Q  =  ioo(H+o*25P« 


The  Seine  at  Mantes  . 
The  Isere  at  Grenoble 
The  Drac  at  Grenoble 
The  Adda  at  Como 


Q=  95(H+o-7o)i-» 
Q=i2i(H+c*86)'-'' 
Q=28q(H-o-7oJ''' 
Q  =  iooH"'-3-aoH" 


where  Q,  is  expressed  in  cubic  metres  per  second,  and  H,  in  metres. 

The  forms  arrived  at  above  appear  to  be  somewhat  influenced  by 
tbeoreticM  consideiations.  The  French  rivers  are  expressed  according  to 
Boussinesq's  theoretical  formula : 

~Q=M(H+i-)'.» 
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TIm  Adds  it  ezjHmsed  in  Lombudiai'i  fonniiU : 

Q-NH"±PH" 
Evidently,  the  most  general  fonn  is  ; 

Q-a+m+fH'+<ffl»+  etc 
The  simplest  method  of  detenaining  such  a  formula  is  to  plot  the  observa- 
tions {^phicalljr,  and  to  determine  the  fonn  of  the  function  /(H),  by  trial 
and  error,  and  then  the  constants 
can  be  ascertained  by  the  method 


^^Z^^^ 


Casel. 


CascL 


The  following  mathematical 
investigation  ii  founded  tsa  the 
assumption  that,  on  the  average,  j, 
the  slofw  of  the  water  surface,  is 
very  nearly  constant  The  process 
pemits  a  prediction  of  the  general 
trend  of  the  discharge  curve  to 
be  made,  together  with  possible 
irr^niJArities  in  its  shape,  with  a 
fair  d^rec  of  accuracy,  by  a  study 
of  the  form  of  the  cross-secdan  of 
the  liver-hed. 

The  advOBUges  are  plain. 
Although  we  must  attend  die 
pleasure  of  the  river  in  order  to 
obtain  a  discharge  observation  at 
«ay  particular  gauge,  we  neverthe- 
less can  study  the  cross-section  <A 
it*  ciiwineJ  at  leisure- 

The  ordinary  theory  givSS  : 

w=CV"i  and,  Q^T-A-fjfr 
Where    A,  is  the  area  of  the  cross- 

r,  is  its  hydraulic  mean 

p,  the  wetted  perimeter ; 
and  w,  the  mean  velocity. 
Now,  plot  A,  and  r,  graphically,  as  fijnctions  of  H,  the  gauge  reading. 
Let  /,  be  the  width  of  the  river  at  the  gauge  H,  we  consequently  have  ; 

rfA-WH 
Four  cases  usually  occur  (Sketch  No.  17) : 
(i>  /,  is  constant,  i^.  the  banks  of  the  river  are  a[qiro«matdy  vertical. 

l^a,  say.    Then  Pi.=ag,  where  j—H+c,  and  a,  is  roughly  the  mean 
value  of  /,  and  c,  is  easily  determined  arithmetically. 
(ii)  The  bonks  of  the  river  become  flatter  as  the  gauge  height  in 
<see  Sketch,  Case  3). 

/_ag*,  where  «,  is  less  than  1  say,  and  A=-^--^+" 


Case4. 

Sekicr  No.  17.— Types  of  Crosticttions 
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CuO  The  rtrer-bed  is  approximately  triangular  in  section. 
/— <y,  and  A— ^ 

0*)  The  river-bed  hat  a  section  resembling  that  of  a  saucer,  the  banks 
bectnning  steeper  the  higher  the  river  rises. 
t—a^,  where  M,  is  greater  than  t. 

In  the  last  ihiee  cases,  g—H+c,  and  at  first  sight  the  detenniiiation  of  e, 
ma]'  appear  to  be  difRcnlt ;  but,  in  actual  practice,  once  the  curve  of  A,  and  H, 
is  plotted,  the  matter  becomes  tax  clearer  than  any  mathematical  investigation 
can  make  it. 

Now,  in  all  these  cases  p,  is  very  approximately  proportional  to  /,  so  that 


And  '""-7,  may  be  written  at  r™— ■■=,-  ",    ■■ 
We  thus  get  as  a  first  approximation  to  the  discharge  ci 
Q-CAVS-CV?. 
where  C-K<?HM)«:!^ 

and  all  the  quantities  comprised  in  K,  can  be  obtained  by  surveys  of  the  eross- 
secrion  of  the  river-bed. 

The  four  cases  above  considered  lead  to  the  following : 

(ii)    Q-KWijf*-*+- 
(iii)    Q-KWi.?** 
(iv)    Q-K,^'i^■'+- 

In  practice  the  above  theory  is  best  applied  by  plotting  log  A,  and  log  r, 
in  terms  of  log  ^,  and  thus  obtaining 

A  -  at£^+'        and  r  -  r^ 
dnectly. 

Thence  we  find  that,  Q  -  K,  t/Jg^*'*',  etc, 
and,  if  as  in  Manning's  formula  (see  p.  401),  it  is  assumed  diat  C  —  C]^",  we  get 
as  the  final  form  of  the  relation  between  the  gauge  height  and  the  discharge  : 
Q  -  KVir+'+'-'^ 

Sketch  No.  18  shows  a  case  where  m  =  i-gi,  zx-h  i'I3,  and,as  will  be  seen, 
the  observed  values  give  Q  -  KVi  ^""'in  placeof  Q  =  KV  J  ^■'*  as  the  above 
theory  would  indicate. 

The  value  of  1,  was  very  nearly  constant,  and  averaged  gs^g.  A  smoothed 
dischai^  curve  and  a  graphic  detennination  of  the  values  of  y,  for  this  smoothed 
carve  are  given  in  Sketch  No.  19.  The  value  obtained  for  y,  is  2*4;,  and  the 
results  agitt  almost  suspiciously  well.  Some  compeitsating  error  in  the  deter- 
minatioD  of  t,  may  be  suspected. 
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Sketch  No.  18. — Logaiithmfc  Plot  of  Aieu  and  Dischaignof  s  Stimu 

at  various  Gauge  Heights. 
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II  sboul4  b«  renKmbered  that  where  some  attempt  at.  a  discharge  curve 
must  be  given,  and  only  one  .faiicing-  is  available,  the  valne  of  m,  can  be 
obtained  by  survey,  and  KV(,cafa  be  deduced  from  one  ob9ervati<tB  only,  which 
may  be  checked  to  some  slight  degree  by  observing  s,  and  seeing  wliether  the 
value  of  C,  thence  calculated). is  a  likely  bn'e. 


rhe  practical  value  of  the  work,  however,  is  far  greater  than  such  rough 

ipproximations  indicate. 

Firstly,  by  survey  we  obtain  f,  in  the  formula  :    .'  - 

Sow,  pfa)t  the  discharge  observations  against  g,  in  logarithmic  form. 
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The  above  work  showi  that  the  points  (lo^  Q„  log  gCi,  (It^  Qn  logfi),  etc 
may  be  expected  to  lie  very  fairly  close  to  a  straight  line,  so  long  as  the  general 
aspect  of  the  cross-section  of  the  river-bed  does  not  materially  diange  iatidc 
the  limit*  of  ^,  under  consideration. 

Secondly,  should  the  aspect  of  the  cross-section  change  suddenly,  u  is 
indicated  in  Sketch  No.  30^  we  may  suspect  that  the  logarithmic  plots  of  Q  and 


A  will  consist  of  two  straight  lines,  probably  connected  by  a  curve.  It  will  also 
be  plain  that  discharge  observations  near^—^p  arc  urgently  needed. 

Above  and  below  g  =  gf,^  few  observations  may  suffice  (if  in  good  agree- 
ment) to  determine  the  curve  over  a  wide  range  of  H  or  ^ . 

In  my  own  practice  1  have  found  that  the  results  of  actual  observation  agree 
■nrprisingly  well  with  the  above  theories.    I  have  such  confidence  in  the  inxk 
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as  to  Die  it  in  order  to  obt^n  by  mctrapolatiaii  the  discharge  at  gauges  which 
an  bigbei  thoB  those  for  which  discharges  have  been  observed ;  and  is  twelve 
oat  of  fbnrteen  later  checldogs  I  found  that  07  confidence  bad  proved  to  be 
justified. 

The  process,  however,  mast  not  be  considered  as  universally  applicable. 
The  nxit  assumptions  an  that : 

(i)  C,  is  either  constant,  or  varies  as  some  power  ot  g;  i^.C  ^  C^g^  say. 

(il).,Ucmisunl. 

Tix  first  assumption  is  probably  correct,  so  long  as  the  hydraulic  character 
of  the  bed  does  not  roateiialty  alter.  A  study  of  the  vegetation,  and  of  the 
quality  of  the  soil  or  silt  deposits,  will  permit  exceptions  to  be  predicted. 
Alteiations  (usually  in  the  direction  of  increased  roughness)  may  be  expected, 
when  the  rivei  rises  in  high  flood.  Nevertheless,  it  is  noteworthy  that 
Bazin's  y  is  generally  far  more  steady  under  such  circumstances  than 
Kuuer's  n  ;  and  a  calculation  of  C,  according  to  Bazin's  rule,  with  the  value  of 
r  obtained  in  ordinary  stages  of  the  river,  is  sufficient  allowance  for  this  factor. 
Cases  where  the  flood  bed  is  encumbered  by  trees,  fences,  etc,  must  of  course 
be  excluded,  but  under  such  circumstances  no  really  accurate  observations  can 
bet^mt. 

Theconstancyof.F,  during  large  variations  of  H,or;f,  is  a  bigger  assumption, 
and  cannot  be  regarded  as  justifiable. 

If  we  consider  individual  discharges,  daring  a  rise  of  the  river,  s,  is  in- 
cieased ;  and  during  a  falling  stage,  s,  decreases.  I^  however,  we  regard  the 
average  of  the  discharges  at  the  same  gauge  when  the  river  is  rising  and  falling, 
the  assumption  leads  to  but  a  slight  degree  of  error ;  and  for  the  practical 
purpose  of  obtaining  the  total  quantity  discharged,  the  assumption  is  juscifled. 

Where  damage  by  momentary  flooding  is  ascribed  to  backing  up  of  the 
water  surface  produced  by  works  in  a.  river  bed,  calculations  founded  on  the 
assumption  that  .f,  does  not  widely  depart  from  its  usual  value  must  be  regarded 
with  suspicion.  An  engineer  will  hardly  be  well  advised  to  fight  such  a  case 
on  the  assumption  that  x,  is  constant  during  the  flood. 

For  this  reason,  a  subsidiary  gauge  situated  two  or  three  miles  above  the 
observation  gauge  is  valuable,  as  also  an  ivadiags  firom  such  a  gauge  during 
floods  ;  for  in  many  rivers  the  variation  in  t,  will  explain  all  (Uvergencies  from 
the  normal  discharge  curve. 

Influence  of  a  Triiutary. — In  certain  cases,  as  for  instance  on  the  Blue 
Nile  at  Khartoum,  this  explanation  is  quite  insufficient  to  account  for  the 
diSerence.  Craig  (see  Lyons'  Pkysiograpky  oj  the  Nile  Basin,  p.  365), 
discusses  the  problem  for  the  Blue  and  White  Niles  at  Khartoum,  in  the  light 
of  Tommasini's  theoretical  investigations. 

The  general  effect  of  a  flooded  tributary  entering  a  river  just  below  a  gauge 
station  (when  the  river  is  rising)  is  to  shift  the  discharge  curve  as  shown  ; 
nbere  AD,  is  the  normal  curve,  and  ABCD,  is  the  shifting  due  to  the  flooded 
Itibotary,  where  A,  is  the  point  where  effect  is  first  felt,  and  B,  the  point  where 
the  tributary  begins  to  ebb  (see  Sketch  No.  21). 

When  the  river  is  felling,  the  npward  rise  of  the  curve  in  the  portion  DC, 
it  not  possible,  and  the  loop  is  now  as  indicated  in  Sketch  No.  21,  Fig.  2. 
Where  the  tributary  does  not  rise  more  rapidly  than  the  main  river,  the  portion 
DC,  may  be  perpendicular  to  the  gauge  axis,  thus  producing  a  stage  where 
gauge  and  discharge  are  unconnected. 
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ThU.  specif  of  iiregularity  may  b«  exp«:ted  in  all  cases  wherea  gxuge  is 
established,  close  to,  and  above  the  junctioD  of  two  rivers. 

The  circumstaqret.  of  a  propcdy  selected^ugiilg.statioii*aK  usually  sach 
tha.t  all  variations  in  discharge  caused  by  rising  and  falling  stages,  can  be 
amply  allowed  for  by  drawing,  tiro  discbarfC'CDrvea'  -Qne  curve  represents  the 
falling,  and  the  other  the  rising  stage.  The:  diifereitce  does  not  generally 
exceed  5,  or  7  pet  cent  ;..  while  iQ  a  realljr  satis^ctory  site,  3,  or  3  per  cent  is 


/  Main  River  Rising 
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SkbtckNo.  Sl.—EETect  of  a  Tributary  on  the  Gai^-dischuge  Curve  of  ft  Station 

RiVBRS  iiriTH.  Shiptihg  BESS.~T^t  foregobg  work  refers  entirely  to 
tivers  with,  a .  faitiy  stable  bed.  Where  the  river  carries  much  detritus,  the 
aspect  of  the  cross-section  may  largely  depend  on  the  stage  of  the  river,  or  on 
the  motion  of  saiid  or  gravel  bars  travelling  down  the  stream. 

The  question  of  these  "deeps"  and  "shallows."  has  been  the  subject  of 
much  discussion,  and  two  theories  are  usually  put  forward. 

According  to  German  ideas,  such  waves  in  the  bed  travel  down  the  river 
at  a  fairly  constant  rate,  preserving  their  fonn  unaltered. 
'  For  exaniple: 

In  the  Rhine  between  Basle  and  Coblenti,  the  velocity  is  735  feet 

(aaS  metres)  per  year.       ■        ■ 
In  the  Elbe,  820  feet  (350  metres)  per  yean 
In  the  Vistula,  1310  feet  {400  meters)^per'year. 

In  the  Waal,  820  feet  to  1640  feet  (250  metres  to  500  metres)  per  year. 
In  the  Loire,  iSoo  feet  (365  metr<-s)  per  year. 

Most  Indian  engineers  would  be  disposed  to  agree  with  this  statemenL 
Lokhtine,  in  'BM.vk\'&{Mechamsme  du  Lit  Fluviale),  a^atso  the  majority  of 
Fiench  engineers,  and  (sofar  as  I  can  gather)  the  American  engiaeers  worldag 
on  the  Mississippi,  consider  that  deeps  and  shallows  are  fixed  with  respect 
to  the  horizontal  meandering  of  the  river,  and  only  alter  their  position  to 
any  marked  degree  when  the  river  shifts  its  bed.  The  divergences  may  be 
reconciled  by  the  statement  that  in  a  natural  river,  which  is  not  restricted  by 
training  works,  the  deeps  and  shallows  are  mainly  fixed  by  its  horizontal  plan. 
If  the  river  is  forcibly  straightened  and  is  restricted  to  a  determined  course, 
deeps  and  shallows  move  according  to  the  German  theory;  and  appareAtly 
the  usual  German  method  of  regulation  by  spur  dy^es  a^centuales  this  mo\-e- 
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ment  somewhat  more  than  regulation  by  dykes  parallel  to  the  general  flow  of 
the  river. 

The  explanation  is  not  complete,  as  the  Indian  rivers  are  entirely  un- 
regulated ;  but  it  is  quite  possible  that  further  study  will  show  that  fixed  deeps 
and  shallows  also  exist  in  these  rivers,  and  several  cases  of  a  fixed  deep  are 
already  toiown. 

The  question  is  of  little  importance  as  regards  its  effect  on  discharge  curves, 
[t  will  be  found  in  cenain  rivers  thai  the  bed  alters  in  form  at  the  gauging  site  ; 
and  consequently,  in  place  of  obtaining  one  approximately  definite  relation 
between  Q,  and  H,  we  find  (after  long  studies)  that  a  sheaf  of  two  or  more 
lUscharge  curves  exists,  as  in  Sketch  No.  3Z. 

The  question  has  been  investigated  by  Taveniier  {_&ludes  dts  GroMdes 
Forces  HydranUques  des  Alpes,  vol.  i,  p.  i6o).  It  appears  that  after  three  or 
four  years'  study  it  is  usually  possible  to  reduce  the  sheaf  to  three  or  four  carves, 
and  that  the  change  from  one  curve  to  another  occurs  not  gradually,  but/f 
saltum,  one  curve  being  accurate  for  three  or  four  months  at  a  time,  and  then 
another  curve  becoming  applicable  the  next  day. 

It  would  also  appear  that  this  sheaf  of  three  or  four  curves  recurs  year 
after  year. 

Such  studies  require  a  longer  time  than  can  be  afforded  by  anybody  except 
a  Government  Department  The  practical  method  is  to  institute  systematic 
surveys  of  the  cross -section,  and  to  divide  the  sections  thus  obtained  into  three 
or  four  classes,  and  then  to  treat  the  discharge  observations  of  each  class  as 
though  they  referred  to  separate  rivers,  using  the  methods  already  developed. 

In  such  work  it  would  be  as  well  to  take  into  account  Tavemier's  statement 
that  as  the  waves  of  sand  or  gravel  above  referred  to  pass  the  gauging  station, 
the  effective  slope  may  differ  considerably  from  the  mean  slope  of  the  river  bed, 
or  even  from  the  mean  slope  of  the  water  surface  over  say  a  length  of  a  mile. 
In  Tavemier's  actual  example,  s,  varies  from  o'oo86  to  o'ooi4,  the  mean  value 
hnng  0*0050. 

The  problem  is  therefore  very  complicated,  and  it  appears  that  only 
systematic  gauging  can  really  secure  the  required  degree  of  accuracy. 

In  su<^  cases,  studies  by  Karlacher's  method  of  the  relation  between  the 
sui&ce  velocities  and  the  mean  velocities  may  prove  of  great  value,  as  an 
ordinary  gauge  reader  can  be  rapidly  trained  to  observe  surface  velocities. 

The  rod  float  method  will  of  course  secure  better  results.  In  the  Punjab 
Irrigation  Branch  such  cases  are  treated  by  systematic  rod  float  work,  and  the 
gauge  readings  are  not  trusted  for  more  than  three  or  four  days  at  a  time. 
This  evidently  necessitates  the  permanent  employment  of  a  man  capable  of 
taking  accurate  rod  float  observations,  and  is  hardly  justifiable  except  in 
countries  where  the  requisite  intelligence  can  be  obtained  at  a  fairly  cheap  rate. 

While  my  own  applications  of  the  method  of  logarithmic  plottings  of  the 
mean  velocity  and  the  hydraulic  mean  radius  have  been  confined  to  channcb 
in  which  the  silt  was  nearly  all  carried  forward  by  the  water,  so  that  the  cross- 
section  at  the  gauging  site  did  not  vary  markedly,  there  is  little  doubt  that  a 
Mmilar  method  should  be  applied  when  studying  the  discharges  of  a  channel 
of  which  the  cross-section  varies  rapidly. 

So  far  as  any  statement  which  has  not  been  checked  by  observation  is 
worth  making,  it  would  appear  that  each  curve  of  the  sheaf  referred  to 
above  should  be  represented  by  a  straight  line  on  the  logarithmic  diagram 
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(see  Sketch  No.  23).  Confinnatioii  of  Tavemiei's  statement  that  the  change 
from  one  curve  to  the  other  occurs  ^r  solium  would  then  be  easily  obtained, 
and  is  greatly  to  be  desited. 

Id  this  connection  it  must  be  noted  that  the  method  adopted  by  the 
Umied  States  Geological  Survey  for  obtaining  the  gauge-discharge  relation 
at  a  station  where  the  bed  is  shifting,  assumes  that  the  changes  occur  gradually. 
It  is  hard  to  believe  that  the  simplification  in  calculation  which  is  possible  if 
Tai.-emiei's  statement  is  generally  true  would  have  been  overlooked  by  the 
United  States  experts. 
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GAUGING  BY  WEIRS 

Wdr  Fonimln.— Definitions. 

UeAiurement  of  the  Heed. — Eflect  of  errors— Gauge  pts,  or  stilting  wells— EIT<ki  on      i 

coefficient.  { 

Wdr   DUchuve  Formula. — Correction  far  velodtf  of  approacli — Frands  fonnul.\ 

— Practical  formuliz — Definitions — Contraction. 
Practical  Rnlei. — Frinds'  weir  fbnnula, — Weir  formulse  u  applied  to  meisuremenl  of 

dischttige^ — Accuracy. 

Fonniilte  of  First  Clan, — Francis'  Fokhula — Description — Conditions. 

Bazin   Formula.— Description — Conditions — Approximate  formula — Shorter  fbrnmU.      I 

— Corrections  when  nappe  expands. 
General  Formulz. — With  ecd  conttactioos — Without  end  contractions. 
Genssjil  Agreement  op  Weir  Discharge  Formula. — Correction!  for  velocity  of 

approach— Distance  at  which  head  is  measured — Experimental  results — Correction 

for  end  contiactions. 
Sharp-edged   Notches  of  other  than  Rectxjigalar   Form. — Triangolai — Tnpe-      i 

zoidal — Cippolettt. 
Weir  GKxpng  of  Water  COntBlainff  SUt.— Triangular  and  Cippoletti.  { 

Suppreaaion    of    Coatractioii. — Experimental    w^    formuhe— Freexe't    formula-' 

Lc^arithmic  plots. 

Indltied  Weira. 
Oblique  Weira. 
fVEiR  WITH  Rounded  Edges. 

DROWNBD   V^aiS.S.—F'RANC/^  FORMULM. 

Fteley  and  Steams'  EzperimentB. 

Herschsll's  Formula,— T^aa^ai  naieh. 

BaziWs  Formula  mn  Notches   w/thout  Side  Contractions.— Jia:ppe  fornu— 

Discrimination  of  Cases. 
Weirs  with  otiibr  than  Shakp-edged  Notches. 
Flat-tofped  Weirs. 

Triangular  Weirs. — Do.    with  curved  downstream  prolongation. 
Water-falls. 

CoefGdenta  of  Diachai^  for  Large  Weita. 
Sharp-edged  W«rs. 
Fiat-topped  Weira. — With  down-stream  slopes — Drowned  ditto. — Drowned  weirs. 

SYMBOLS. 

A,  is  the  area  in  square  feet  tA  the  cross-section  of  the  cbaniiel  of  appooch  at  the  piniit 

where  D,  is  measured. 

B,  is  the  b^^th  of  the  channel  of  approach  in  feeL 
a  and  *  (see  p.  loj). 

C,  is  the  coefficient  of  discharge  of  the  weit  when  the  formula  Q  =  CLH'-'  is  used. 

C,  is  used  in  the  formula  Q  =  C'LD'',  when   distmction   is  required,  and  similarly 
Q  =  KDi-»  or  KD  «,  and  Q  =  4  MLH  \'ii'H  are  used  for  distmction  if  lu 

D,  is  the  observed  head  in  feet. 
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D,(s«p.  130). 

jt=:--,  where  11,  is.  the  veloctty  of  approach  in  feet  per  second. 

H,  U  the  corrected  he«d  =  D  +  tJt,  etc.  (see  p.  104). 

H„<aidH,(Beep.  laa). 

i,  u  ■  coeffideat  tued  for  nurioiu  ntio*  (see  p.  130). 

K  (see  pp.  105  and  119).  \ 

K.  (see  p.  105). 

L,  is  the  iei^h  of  the  sill  oT  the  weit  notch  in  feet. 

LJ,  is  the  width  in  feet  of  a  triangular  notch  at  a  height  D,  above  the  rertex. 

LB,LF(*eep.  113). 

/(seep.  102). 

•r(ieep.  toa). 

N,  is  used  in  the  formula  Q  =  KH".     «  (see  p.  loO. 

^,  ts  the  height  of  the  notch  dll  above  the  bottom  of  the  appmach  dumneL 

A,  aid  Pg  (see  pp.  lai  aod  134), 

■QB,QF{seep.  lljr    Q,(s^p.  116). 

I,  is  die  slope  of  the  face  of  a  triangular  weii  (see  p.  130]. 

*  =  D+j»fsecp.  118). 

»,  is  the  width  id  feet  of  the  top  of  a  broad-created  weir  (see  p.  128). 

V,  is  the  velodly  ol  af^tcoach  in  feet  per  second. 

1,  istheilope  -hodnmUl  t9  i  votical  of  the  sidei  of  triangdM  notches  (p.  114). 

«,  ii  a  coeRident  in  the  equation  H  =  D  -h  oi). 

•  (seep.  119).     <|{Heep,  iiS). 
I  (see  p.  KB). 

SUMMARY  OF  FORMULiE. 

Vckdty  of  approach,     f  =  v    i^  =  ^  (see  p.  99), 
ETore  in  measurement  of  the  head.     ^=^  ^■ 

Note.— All  CDnnulK  arf  niUect  to  error  if  D  is  leu  than  o'jo  to  0-40  foot 
Franda'  Fomitla  (see  p.  105). 

Q^J'SSiL-iKH  X  o-i)H'-',  end  contractions, 

Q  ~  S'JSLH"-*,  no  end  contractions. 

with  H'-»  =  (D  +  ^i-'t-  A'-',  or  H  =  D  +  -1(1  -  Jv/r) 

M.  Q  =  3'33{i +035  {^p)  }lD'-°,  noendcontractiouR. 
Buia'a  FormnU  for  weirs  with  no  end  contractions  (see  p.  I09J. 

Q.(3-^.?yS){,.o-55g-^>..., 


r,Q={3-,.  +  .-6,(^-fg)"}LD.... 


°*^  '™Sia  Sri."f  ,iS-S,™5<E  ■>.  i:~'"  *»  o-4or=,  («,  p.  ,„,. 

T^-iaagitlar  NtitAes  fiM  p.  114).— 

»  =  i-        Q  =  07o7D^'. 

1  =  1.        Q=i-3iD»-« 

1  =  2.         Q  =  a-jsD". 

»  =  4.        Q-S'3oD"- 
CippekUL— 

Q  =  3-367LH1-*        H"=.(D  +  A)»-4>.» 

Q-3-30ILH"-'.        H  =  D  +  i-44. 
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ieep. 

17)— 

3-82D'* 

L  = 

root. 

S-4aD'-". 

Li 

-SfooL 

Q  = 

T-SSD'". 

L  = 

I«t. 

Sutmtrgtd  Wiirs. — 

Q  =  3-33  L(Hi-Ha)'-''+4'6oLHs'yHi-H,fsecp,  IM), 
Q  =  3'33  KLH"-'.    See  page  113  for  table  of  K. 

Broad-crested  wmr.     Q  =  Q,  (07  +  0185-)  (iee  p.  laS] 


Wrin.— A  weir  is  essentially  an  irregularity  in  the  stream  bed,  over  which 
the  water  falls  in  a  sheet  of  a  certain  depth.  It  is  found  experimentally  that 
the  observation  of  the  absolute  value  of  this  depth  permits  the  quantity  of 
water  passing  over  the  weir  to  be  calculated  by  formulje  of  a  more  or  less 
simple  character,  provided  that  the  weir  is  properly  constructed. 

The  usual  terminology  is  somewhat  redundant,  and  I  therefore  suggest  the 
following  : 

The  term  "Weir"  refers  to  the  whole  constructional  apparatus  used  to 
produce  the  definite  sheet  In  a  weir  there  is  a  more  or  leas  well  defined  and 
measurable  orifice  through  which  the  water  flows,  which  determines  the  forat 
of  the  issuing  stream.  This  orifice  I  propose  to  define  by  the  restricted  term 
**  Notch,"  which  was  formerly  used  as  an  equivalent  for  a  weir,  especially  in 
America. 

The  circumstances  and  form  of  the  issuing  stream  have  an  appreciable 
effect  on  the  discharge,  and  the  term  "Nappe"  (used  by  Baiin— in  English, 
"  Sheet")  will  be  employed  to  define  the  issuing  stream. 

The  term  "  Channel  of  Approach  "  defines  the  body  of  water  immediately 
upstream  of  the  weir  in  which  is  situated  the  gauge  on  which  the  thickness  of 
the  nappe  produced  by  the  weir  is  measured.  The  velocity  of  approach  is  the 
mean  velocity  of  the  water  in  the  channel  of  approach  at  the  point  where  the 
measurement  of  the  head  is  made. 

The  "  Head  "  is  the  measured  height  of  the  water  surface  in  the  channel  of 
approach  above  a  fixed  point  in  the  weir,  usually  the  lowest  portion  of  the 
notch.  When  this  is  corrected  for  the  velocity  of  approach  by  the  formulae 
which  will  be  given  later,  the  term  "  Corrected  Head  "  is  used. 

As  a  matter  of  experiment,  neither  the  head  nor  the  corrected  bead 
accurately  represent  the  nett  thickness  of  the  nappe.  .  Tlie  measurement  of 
this  last  quantity  is  attended  by  great  experimental  difficulties,  and  even  Baiin's 
most  exhaustive  researches  have  not  satisfactorily  determined  the  relation 
between  the  nappe  thickness  and  the  bead,  or  the  corrected  head.  It  is  there- 
fore better  to  regard  the  head  as  an  observed  quantity,  and  its  corrected  value 
as  a  quantity  which  the  results  of  observation  show  to  be  mo[«  dosely  con- 
nected with  the  discharge  over  the  weir  than  the  observed  head. 

The  height  of  the  sill  or  lower  boundary  of  the  notch  above  the 
bottom  of  the  approach  channel  is  important  in  some  of  the  discharge 
formiite. 

Using  feet,  feet  per  second,  and  cubic  fe«t  per  second  as  units,  the  follow 
ing  symbols  are  employed  (see  Sketch  No.  13} : 

The  head  is  denoted  by  D, 
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The  velocity  of  spproach  is  denoted  by  v, 

and  h,  is  used  to  denote  the  quantity  - 
The  discharge  over  the  weir  is  denoted  by  Q. 


In  practice,  it  will  be  seen  that  v,  must  usually  be  deterniified  by  successive 
approxiinatiDn.^Welhave :  _ 


where  A  is  the  area  of  the 


of  the  approach  channel  at  the  point 
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where  D  is  measured.  We  therefore  calculate  an  approximale  value  of  Q, 
from  the  observed  vi^ue  of  D,  say,  Q,  =  CLD'-',  and  thus  obtain 

z',-2iandA,=^-'- 
A  ig 

We  can  now  calculate  H  =  D+cut,,  and  : 
Q,=CLH'» 
and,  if  neces&ary,  new  values  of  z'„  and  Ai,  say  v^,  and  At,  can  be  obuuned. 
Ttus  process  is  necessary,  for  as  will  hereafter  appear,  Q,  depends  more  .closely 
on  a  quantity  H  =  D+iit,  where  o  is  a  coefficient,  thaii  on  D,  the  observed 
head.    (See  p.  104.) 

H,  is  therefore  used  to  denote  the  "head  corrected  for  velocity  of  approach." 
In  rectangular  or  trapeioidal  notches, 

L  is  used  to  denote  the  length  of  the  sill  of  the  notch,  and 
p,  the  height  of  the  sill  above  the  bottom  of  the  abroach  channel 
The  general  formula  for  weir  discharge  is  of  die  type : 
Q  =  CLH'-» 
Q  =  C'LD'« 

according  as  the  corrected  or  observed  head  is  used.  C,  or  C,  is  termed  the 
coefficient  of  dischai^e  of  the  weir,  and  if  distinction  must  be  made,  the  terms 
"  coeRicient  for  the  corrected  head,"  or  "  coefficient  for  the  observed  head  "  are 
employed.  The  other  terms  employed  in  weir  calculations  will  be  defined  as 
found  requisite. 

Huaurement  of  the  Head.— The  measurement  of  the  head  entails  the  deter- 
mination of  the  level  of  the  water  surface  with  as  much  precision  as  the 
available  apparatus  permits.  The  accuracy  of  the  measuremeot  and  ihe 
circumstances  under  which  it  is  effected  are  fundamental  in  all  weir  observa- 
tions. The  effect  of  a  small  error  in  the  observed  head  may  be  investigated 
as  follows : 

The  typical  weir  discharge  formula  is  : 

Q  =  CLD'» 

where  C,  is  a  constant  for  small  variations  of  D,  and  L,  a  length  which  can  be 
measured  with  far  more  accuracy  than  D. 

Thus,  we  have  :  _ 

dQ  =  I'sCL^DSD 
or ;  3Q  8D 

Q  -  ''^  D 

Now,  the  probable  error  in  the  observation  of  D,  is  independent  of  its 
magnitude.  Hence,  the  larger  D,  is,  the  more  accurately  the  discharge  can 
be  observed. 

As  an  actual  example :— If  D,  be  read  on  a  fixed  gauge,  it  is  impossible 
to  determine  the  water  level  with  certainty  to  more  than  0-005  ^''^^  ^  t'"' 
if  an  accuracy  of  i  per  cent  in  Q,  is  desired,  D,  must  be  at  least  075  foot, 
and  this  accuracy  is  only  attainable  with  practice. 

If  a  hook  gauge  is  used,  a  skilled  observer  will  read  to  o'ooi  foot,  (I  have 
never  been  able  to  attain  o'ooos  foot  as  Francis  sUtes  is  posdble). .  Const- 
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It  be  at  least  0*15  foot  in  order  to  secure  an  accwru^  of 

The  wheel  gauge  tised  by  Boiin,  and  now  emptoyed  for  inveitigating  the 
siechea  in  lakes,  is  probably  somewhat  more  accurate.    (See  Sketch  No.  24.) 

It  has,  however,  been  shown  (see  p.  23),  that  owing  to  certain  peculiar- 
ities in  the  motion  of  water,  it  is  useless  to  work  with  values  of  D,  less  than 
0*15  foot  J  and  values  of  D,  exceeding  0*40  foot  are  preferable. 

Thus,  in  a  properly  designed  weir,  it  appears  that  an  accuracy  of  i  per  cent. 
(so  far  as  this  particular  source  of  error  is  concerned),  can  usually  be  secured 
with  a  hoolc  gauge,  even  with  comparatively  unskilled  observers. 


j  •  -^SltjiaingPUmmf 


Sketch  No,  34.— Bunn's  Wheel  Gai^. 


In  this  connection,  the  theory  of  gauge  pits  as  developed  by  Murray 
'.The  Fresh    Water  Locks  0/  Scotland,  vol.  i,  p.  S')  deserves  consideration. 
~        ciUations  in  the  water  level  caused  by  wind  and  waves,  or  by  irregular- 
stream  motion,  may  be  represented  by  : 

flD  ->  A  sin  M/ 


The 


where  nT  ^  sir,  gives  T,  the  period  of  oscillation. 
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a,  be  the  diameter  of  the  ^auge  well, 

d,  be  the  diameter  of  the  pipe  comiecting  thegaii^  well  with  the  approach 

channel, 
4  be  the  length  of  the  pipe  ;  all  expressed  in  Indue. 

Put  x  =  ^^  (accurately  x  = 
centimetres).    Then  the  oscillations  in  the  gauge  pJt  are  expressed  by 
ac  =  A  cos  »r  sin  «(/— r),  where  tan  «r=—. 

Thus,  the  oscillations  in  the  gauge  pit  are  diminished  in  the  ratio  i  :  cos  ffr, 
and  "lag,"  or  are  delayed  by  a  certain  interval  of  time  when  compared  witb 
the  oscilluions  in  the  channel  of  approach  ;  the  absolute  value  of  this  interval 
being  nr  seconds. 

The  lag  in  time  does  not  mateHally  affect  the  observation  of  the  head,  but 
the  diminution  in  amplitude  of  the  oscillations  affords  a  ready  means  of  prevent- 
ing slight  disturbances  by  wind  or  waves  from  affecting  the  gauge  readings. 

Thus,  consider  a  well  with  a  =  6  inches,  /  =  72  inches,  and  b  =  \  inch, 
i  inch,  and  ^  inch.     Murray  gives  : 


DAMPING  RATIO  =  cos  «t 

T. 

J-inch  Tnbe.                   i-ineh  Tube. 

A-inchTube. 

870  seconds 

0-9992                           0-8330 

0-4213 

60       „ 

0*8630                     oToaS 

0-0320 

So  that  short  period  wind  or  wave  disturbances  are  almost  entirely 
eliminated  in  the  last  two  cases,  and  unless  abnormally  large,  would  not 
materially  affect  the  readings  of  a  gauge  in  the  well. 

The  effect  of  such  methods  of  observation  on  the  discharge  formuls  has 
never  been  investigated.  It  is  plain  that  if  the  discharge  of  the  weir  at  each 
moment  is  actually  determined  by  a  relation  such  as  Q  =  K(U  +  dD)'-<  where 
D,  is  the  mean  head,  and  D+SD  the  momentary  head,  the  effect  of  any 
damping  of  the  oscillations  is  to  cause  the  average  head,  (as  read  in  the 
gauge  well),  to  be  less  than  the  average  head  which  is  effective  in  producing 
the  discharge.  Thus,  the  more  the  oscillations  are  damped,  the  greater  the 
experimental  coefficient  K,  will  become. 

Under  the  above  assumption,  it  would  appear  that  if  the  amplitude  of  the 
waves  is  AD,  the  actual  discharge  may  possibly  be  as  large  as  : 

«  =  --{"+il(¥)'}  ■ 

and  if  these  waves  are  entirely  damped  out,  the  gauge  well  reading  will  be 
D,  so  that  the  experimental  coefficient  is  bcreased  in  the  ratio  : 


w,  taking  AD  =  0-04  foot,  and  D  =  05  foot,  the  ratio  becomes,  rooi6.  But 
for  AD  =  0-08,  D  =  0-2S  (which  1  have  seen  in  bad  cases),  the  value  is 
10256. 
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The  figures  avail&ble  on  this  subject 

ure  somewhat  discordant. 

In  Bazin's  observations  . 

X  =  294- 

In  Francis'          „ 

X  =  31  for  weirs  with  side  contrac 

tions. 

X  =  o'4  for  weirs  without  side  con 

In  Fleley  and  Steams'  observa 

tractions. 

tions      . 

X"0-i. 

The  stardard  well  gauge  of  the  Punjab  Irrigation  Branch  has  x  =  ^3  t'' 
0-6  approK.    (See  Sketch  No.  25-) 

My  own  trials  lead  me  to  consider  that  x  ='  ^>  >s  ^^^  adapted  toJsecuTe 
accurate  work  with  a  fixed  or  hook  gauge.  The  value  used  by  Bazin  is 
abnormal,  and  must  not  be  regarded  as  expressing  the  whole  damping,  since 
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Sketch  No.  35. — Panjab  Gauge  Well,  with  typical  Googe  Gradnatioiis. 

his  wheel  gauge  introduces  an  undetermined,  (but  very  considerable)  amount 
of  damping.  Comparison  with  observations  made  by  other  methods  is  there- 
fore difficult,  and  this  must  be  considered  as  the  one  obvious  defect  in 
Bann's  observations.  In  practice,  the  oscillations  of  the  water  level  in  a 
gauge  pit  constructed  in  accordance  with  Baiin's  rules  will  be  found  to  be 
too  great  to  permit  realty  accurate  work  when  the  level  is  observed  by  a 
hook  or  fixed  gauge.  When  Bazin's  wheel  gauge  is  used,  the  observations 
are  very  easily  made ;  and  I  believe  that  the  results  are  not  only  niore 
accurate,  but  that  they  more  closely  represent  the  head  which  is  effective  in 
producing  the  discharge,  than  do  those  which  are  obtained  by  any  other 
Biethod. 

Weir  Diacbarfc  Formultt.— The  usual  formula  for  the  discharge  of  water 
over  a  weir  is  that  obtained  from  the  ordinary  approximate  theory : 
Q=»§MLH  V?fH 
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where  H,  is  the  corrected  b«ad  over  the  wqir,  ftnd  L,  is  ttw  length  of  the  notch, 
supposed  to  be  rectangular  in  section. 

Now,  the  quantity  actually  measured,  is  not  H,  but  D,  the  difierence  in 
level  between  the  sill  of  the  weir,  and  the  surface  of  water  when  moving  with 
a  velocity  v,  towards  the  weir,  where  i/*  —  2fA,  say,  and  the  first  correction  that 
must  be  made  is  for  the  "  velocity  of  approach."    {See  Sketch  No.  23.) 

Francis,  fbliowing  an  approximate  theory,  gets  : 

H"-(D+A)"-A"-» 

which  is  obviously  a  very  cumbrous  form. 

Other  experimenters  (especially  Ftelcy  and  Steams,  and  Bazin),  have 
abandoned  the  theory,  and  used  the  empirical  relation  : 

H-.D+11A 
where  a  is  a  coefficient 

This  is  evidently  less  satisfactory  theoretically,  and  the  fact  that  each 
experimenter  uses  a  difTerent  value  for  a  seems  to  show  that  Francis'  theory 
has  some  foundation.  The  practical  advantages  in  simplicity  of  calculation 
are,  however,  very  evident,  and  have  sufficed  to  cause  the  general  adoption  of 
the  second  form. 

Let  U9  now  consider  the  value  of  M.  This  depends  on  the  shape  of  the 
crosa-scction  of  the  notch,  and  on  its  position  rdative  to  the  Bides  of  the 
approach  channel. 

We  define  a  sharp-edged  weir  as  one  in  which  the  edges  bounding  the 
notch  are  so  thin  that  the  nappe,  or  stream  issuing  firom  the  orifice,  springs 
completely  dear  of  them. 

We  also  state  that  a  weir  possesses  complete  contraction  when  every  wetted 
portion  of  the  walls  offhe  approach  channel  is  at  least  2L,  or  3D,  distant  from  the 
boundaries  of  the  notch,  whichever  of  these  quantities  happens  to  be  the  lesser. 

Contraction  is  completely  suppressed  at  any  point  when  the  notch  boundary 
at  that  point  and  the  walls  of  the  approach  channel  coincide.  Any  condition 
intermediate  between  complete  contraction  and  completely  suppressed  con- 
traction is  termed  incomplete,  or  partially  suppressed  contraction,  and  if  accuracy 
is  desired,  the  condition  can  only  be  expressed  by  measurements  of  the  distance 
between  the  boundaries  of  the  notch  and  of  the  approach  channel. 

The    following    varieties    of   sharp^ged  weirs    are    used    for    accurate 


(i)  Complete  contraction  all  round  the  notch.  (Sketch  No.  33,  upper 
portion.) 

(ii)  Contraction  complete  at  the  sill  of  the  notch,  and  completely  sup- 
pressed at  the  sides  ;  such  a  weir  is  usually  referred  to  as  being 
without  end  contractions.    (Sketch  No., 23,  lower  portion.) 

Cert^n  formula:  are  given  on  page  1 18  which  permit  approximate  correctioas 
to  be  made  for  the  effect  of  incomplete  contraction.  The  formula:  are,  however, 
unreliable,  and  accurate  results  are  obtained  only  by  using  one  or  other  of  ibe 
above  types  of  weir. 

The  general  effect  of  partial  suppression  of  contraction  is  well  known.  The 
discharge  is'  always  increased,  and  the  percentage  of  increase  becomes  greater 
the  more  the  contraction  is  suppressed.    Thus,  the  larger  the  head  the  greater 
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is  Ae  increase  in  discharge.  The  final  efTect  thererore  is  that  while  the  dia- 
charge  of  a  rectangular  weir  with  complete  nmtiaction  is  expressed  by  : 

Q  -  KH" 
>rheK  N,  varies  from  1-45  to  i'5o,  or  perhaps  even  I'ji,  the  discharge  of  a 
similar  weii  with  partially  suppressed  contrftction  is  expressed  by  : 

vbere  N)  varies  from  1*5,  to  i'6,and  K^,  is  somewhat  laiger  than  Kt  the  increase 
in  K],  and  N,  being  roughly  speaking  proportional  to  the  amount  the  contraction 
is  suppressed.  This  method  of  regarding  the  matter  proves  very  useful  when 
it  is  desired  to  obtain  a  weir  formula  from  actual  observations,  as  although  no 
deftnitc  rules  for  Ki,  and  N,  can  be  given,  the  calculations  ate  far  easier  than 
those  required  when  a  formula ; 

Q  =  CH'-» 
isosedt&nd  C,  is  variable.    (Se«  p.  ii3  and  Sketches  Nos.  18-30.) 

Pnctical  Rules.— Francis  g^s  tbe  following  equations  for  these  standard 
cases: 

Q=r33(L-«Hxo-i)H'' case(i) 

Q=333LH'* caseCii) 

where  n,  is  the  number  of  side  contractions,  i^. 

»9=2,  in  the  ordinary  weir  with  end  cantracdoDSi 
»— 4,  in  a  wur  with  a  sharp-edged  pier  in  itsmidst,       ,    . 
and  if  there  is  a  velocity  of  approach,  ■^=^gk. 


H»»=(b+A)''-A''  =  D  +  (i:^f^^)  k 


Now,  as  already  stated,  the  correction  for  velocity  of  approach  is  cumbrous  i 
but  otherwise  the  formnlae  are  simple,  and  easily  remembered.    Further, 

3'33  -J 

so  that  in  the  case  of  rough  calculations  and  approximate  results,  where  the 
correction  for  the  velocity  of  approach  need  not  be  considered,  these  formute 
may  be  adopted. 

Wt^  Formula  as  afiplUd  to  Measur»me»t  of  Disckarg*.—H  is  believed  that 
a  weir  gaugmg  (failing  an  actual  volumetnc  measurement)  is  tbe  most  accurate 
method  of  measuring  a  dischat^ie.  When  applied  fat  such  purposes,  it  is 
necessary  to  consider  the  effect  of  local  peculiarities  on  the  discharge  of  a  weir. 
It  can  at  once  be  said  that  a  weir  is  a  very  accurate  measuring  instrument,  but 
1ik«  all  other  measuring  instnunents  it  must  be  carefally  standardised  in  order 
to  get  the  best  results  from  its  use;  and  the  standard  should  be  copied  in 
details  which  at  first  sight  appear  to  have  no  real  effect  upon  the  discharge. 

The  two  refiable  series  of  standard  experiments  (when  ctmsidered  from  thi 
point  of  view)  are  those  of  Frands  and  Baiin,  and  of  these  Bazin's  are  by  far 
the  most  comprehensive  in  range. 

If  we  erect  a  weir,  and  carefully  and  systematically  copy  tbe  details  either  of 
Bazin's  or  Francis'  original  apparatus,  it  will  be  found  that  the  discharges  agree 
with  those  Estrnd  by  the  apprtq>riBte  fionnulffi,  within  \  per  cent.  It  will  also 
befotmd  that  the  errors  are  nearly  all  attributable  to  one  cause,  namely,— the 
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difficuky  of  accuratf  ly  observing  the  level  of  a  water  surface  to  more  than 
0*005  foot,  especially  when  lai^  volumes  of  water  are  dealt  with. 

If,  however,  we  erect  what  may  be  called  a  generalised  weir,  i^.  a  weir 
constructed  in  accordance  with  the  specification  of  Francis  or  BazJn,  but  the 
details  of  which  (say,  for  instance,  the  method  of  observing  the  water  level, 
or  the  material  lining  the  approach  channel  between  the  weir  and  the  point 
where  the  water  level  is  observed)  are  varied  according  to  local  convenience, 
it  will  be  found  that  the  formulae  given  by  both  Francis  and  Baxin  may  lead  to 
results  differing  from  flie  true  discharges  by  r,  or  possibly  even  3  per  cent 

We  cannot  therefore  state  that  the  formuUe  are  wrong,  but  merely  that 
we  have  used  an  unstandardised  apparatus  for  measurement 

Besides  the  experiments  of  Francis  and  Baiin,  others  exist,  notably  those 
of  Fteley  and  Steams,  also  of  Lesbros,  and  Boileau,  etc.  A  study  of  their 
results,  assisted  by  Hamilton  Smith's  computations,  permits  me  to  state  that 
for  these  generalised  weirs  a  formula  can  be  found  which  is  applicable  to  weirs 
with  complete  side  contraction,  and  which  is  more  easy  to  calculate  than  the 
one  adopted  by  Francis,  and  which  can  be  employed  over  a  wider  range  of 
conditions. 

We  thus  have  tvo  series  of  formula : 

1.  Formulfc  applicable  to  standard  weirs  : 

(a)  Francis'  formula  for  completely  contracted  weirs. 

(^)  Bazin's  formula  for  weirs  with  su[q>re3sed  end  contractions. 

2.  Formuhe  applicable  to  generalised  weirs  : 

(a)  For  weirs  with  complete  contraction. 

{fi)  For  weirs  with  side  contractions  suppressed. 

The  tirst  class  produce  results  which  are  correct  to  about  \  per  cent  when 
the  observers  are  sufficiently  skilful  to  work  the  weir  as  it  deserves. 

The  second  class  give  a  mean  result,  and  may  be  as  much  as  3  per  cent 
in  error.  It  will,  however,  be  found  that  when  applied  to  weirs  which  are  not 
carefully  constructed,  so  as  to  agree  with  the  standard  type,  they  usually  yield 
results  which  are  less  subject  to  error  than  those  given  by  the  formnlic  of  the 
first  class. 

1.  Fonnnhe  of  the  FIrit  Claaa  (Frakcis'  Form t;t«).— The  weir  must  be 
constructed  as  shown  in  Sketch  No.  26  which  is  copied  from  Plates  11  and  11 
of  the  Lowell  Hydraulic  Experiments.  The  head  D,  is  measured  by  hook 
gauges  in  boxes,  6  feet  upstream  of  the  weir,  the  water  being  admitted  to  these 
boxes  by  holes  i  inch  in  diameter.  On  scaling  the  original  drawing  we  find 
that :  p  =  4-60  feet 

The  formula  is  : 

Q-3-33(I-~«xHxo-i)H" 
with:  H'-'=(D+A)>»-A" 

and  H,  was  varied  in  the  experiments  between  0-60  foot  and  1*60  foot ;  but  the 
formula  is  probably  applicable  between  H=bo-so  foot,  and  4*00  Jeet  (see 
Horton,  p.  39),  provided  that/,  is  greater  than  3H. 

The  side  walls  of  the  approach  channel  were  of  granite  masonry,  and  the 
bed  of  timber,  although  possibly  timber  all  over  will  suffice  for  copies. 

The  side  walls  of  the  approach  channel  should  be  at  least  3D,  distant  from 
the  ends  of  the  notch.     The  nappe  should  be  allowed  to  expand  freely  at  its 
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sides  after  leaving  the  notch.  It  is  believed  that  if  this  side  expansion  is 
prevented  the  discharge  is  increased  by  about  \  per  cent  Francis  states  that 
if  ^  =>  2D,  and  if  the  sides  of  the[approach*channel  arc  distant  D,  from  the 
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Sketch  No.  a6.— Slandatd  Dimenwoni  of  Francis'  Weir. 


«nds  of  the  notch,  the  discharge  is  increased  by  i  per  cent.,  but  these  state- 
ments are  only  approximate. 

The  term  — oi«H,  which  represents  the  correction  for  the  end  contractions, 
is  not  very  accurately  determined  ;  except  when  L,  b  greater  than  3D,  and  D, 
'in  between  o'50y  and  i'6o  foot.     It  is  probable  that  the  coefficient  o'l,  should 
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Sketch  No.  a?.— Hook  Gauge. 
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1  if  H,  IB  Icsi  than  t>'5o  feet,  and  Bbonld  be  decreased  if  H,  u 
greater  than  i'6o  feet ;  but  the  &ct»  ttated  on  paga  1 14  ihow  that  the  question 
is  not  of  great  practical  importance. 

A  weir  of  similar  construc^on,  without  end  contractions,  can  also  be  used  as 
a  standaid  weir,  and  the  formula : 

Q  =  3-33LH'* 
is  accurate  for  all  values  of  H,  between  o'So,  and  1*60  feet ;  and  is  believed  to 
be  applicable  up  to  H  =  5  feet,  although  it  possibly  overestimates  the  discharge 
by  1*5  to  1  per  cent  new  H  =  3*5  feet 

The  Baiin  weir,  however,  is  better  adapted  to  this  case. 

Bazin  Formula.— Baiin's  standard  weir  {tcouUmmt  en  dtversoir,  Pt  1. 
p.  9)  was  erected  in  a  rectangular  cement-lined,  and  smoothly  rendered 
approach  channel  6*56  feet  wide,  by  5-35  feet  deep,  and  492  feet  long  (2  metres 
xi'6  metrexi5  metres).  The  water  surface  level  was  observed  in  lateral 
pits,  1'64  foot  square  (0*5  metre)  communicating  with  the  approach  channel  at 
a  distance  of  16*4  feet  (5  metres)  above  the  weir,  by  a  circular  pipe  0*33  foot 
(010  metre)  in  diameter,  and  about  I'oo  foot  long  (scales  as  0*31  metre). 
(Sketch  No.  38.) 

The  water  level  was  observed  by  a  float  and  incUcating  quadrant,  as  per 
Sketch  Na  24,  and  an  alteration  of  o'oooi  foot  in  the  water  level  could  certainly 
be  observed,  although  it  is  not  so  certain  that  equal  accuracy  in  the  absolute 
value  of  D,  was  obtained. 

The  weir  itself  was  built  up  of  beams,  and  the  sharp-crested  sill  of  the  notch 
was  made  of  o'zS-inch  iron  plate,  as  indicated  in  Sketch  No.  28. 

There  were  no  side  contractions,  and  the  nappe  was  not  permitted  to 
expand  laterally  after  leaving  the  weir,  but  special  care  was  taken  to  prevent 
a  vacuum  being  formed  below  the  nappe  in  consequence. 

The  sill  of  the  notch  was  372  feet  (i'i35  metre)  above  the  bottom  of  the 
approach  channel,  and  its  length  vras  either  6's6  or  yzZ  feet  (2  metres  and 
I  metre). 

Experiments  were  also  made  on  a  notch  i'64  foot  long,  with  a  sill  3-3  feet 
(1*005  metre)  above  the  bottom  of  the  approach  channel,  and  for  the  shorter 
notch  one  side  of  the  channel  of  approach  was  of  planed  planks.  Notches 
approximately  6-56  feet  long  (2  metres),  and  with  their  sills  2*46  feet,  1*64  foot, 
115  foot,  o'79  foot,  (o7S3  metre,  0502  metre,  0*349  metre,  o'340  metreX 
above  the  bottom  of  the  channel  were  also  less  systematically  experimented  on. 

The  results  were  as  follows  : 

(i)  For  D,  greater  than  o"63  foot  (019  metre)  the  length  of  the  weir  has 
no  appreciable  effect  on  the  cocfEcients  of  discharge,  and  it  is  doubtfiil  whether 
the  differences  observed  below  0^0*62  foot  arc  not  entirely  those  of  observation. 

(ii)  The  effect  of  variations  in  p,  the  height  of  the  notch  sill  above  the 
bottom  of  the  approach  channel  is  reduced  to  a  table,  which  gives  the  discharge 
with  errors  not  exceeding  i  per  cent.,  and  usually  less  than  0-3  per  cent,  except 
in  the  case  of  the  notch  with  a  very  low  sill,  p  =  079  foot  where  errors  of  2'S 
per  cenL  occur  ;  but  the  formula  given  below  occasionally  introduces  errors  of 
ii  to  3  per  cenL  when/  is  small,  say  less  than  I's  D. 

This  approximate  formula  is  : 
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The  errors  acver  exceed  i   per  c 
D  ■»  i'45  foot,  provided  th&t/,  exceeds 
The  shorter  formula : 


CONTROL  OF  WATER 

over  the  nnge   U  =  0*30  foot  ti 


may  be  used  for  values  of  D,  between  0*33  foot  and  I'oo  foot  if  errors  of  2,  or 
3  per  cent,  are  permissible.    (See  Horton,  Weir  Experiments,  p.  32.) 

The  Bazin  weir  must  be  regarded  as  an  instrument  of  great  delicacy,  and  is 
therefore  easily  put  out  of  order  if  carelessly  used.    As  an  example :   If  the 
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asppe  is  allomd  to  expand  Utendly,  after  leaving  the  notch,  the  ditcharge  in- 
cTcaMs  about  o'5  to  i  per  cent.  So  also,  owinK  to  this  prevention  of  lateral 
expansion,  the  nai^  (under  iavounble  circumstances)  may  assume  various 
fonns.  The  typical  fonn,  and  the  only  one  that  can  be  employed  in  accurate 
gauging,  is  the  Free  Nappe  {Nappe  Libre),  Sketch  No.  28.  If,  however,  the 
under  side  of  the  nappe  is  not  properly  aerated,  or  rather,  if  the  circumstances 
are  such  as  not  to  produce  perfect  aeration,  the  nappe  becomes  Depressed 
(Deprimfe),  see  Sketch  No.  28,  and  the  discharge  may  be  8,  to  10  per  cent, 
greater  than  tha^given  by  the  formula.  If  the  air  is  completely  exhausted  from 
under  the  nappe,  the  air-free  (Noy^  'k  dessous)  form  may  appear,  and  another 
10  per  cent,  increase  in  discbaige  may  occur.    (See  p.  126.) 

Under  favourable  circumstances,  and  especially  if  the  wall  of  the  weir  is  in- 
clined upstream,  we  may  obtain  the  striated  (adherente)  nappe,  see  Sketch 
No.  39.  This  form  permits  of  a  discharge  which  is  zo  to  30  per  cent,  greater 
than  the  normal.  The  matter  is  carefnlly  discussed  by  Bazin  (v/  supra),  but 
the  practical  result  of  bis  work  is  that  such  forms  should  not  be  permitted  in 
accurate  work.    (See  p.  126.) 


Sk»b 


With  great  diffidence  1  venture  to  suggest  that  were  the  nappe  allowed  to 
expand  after  leaving  the  notch,  it  is  probable  that  the  length  of  the  weir  would 
in  no  way  affect  the  coefficients  of  discharge  (although  these  would  no  longer 
agree  with  Baxin's  determinations),  and  it  is  quite  certain  that  the  peculiar 
forms  above  enumerated  would  not  occur. 

If  for  any  reason,  the  nappe  is  allowed  to  expand  laterally  after  leavii^  the 
notch,  the  Francis  form  of  weir  and  gauge  pits  should  be  adopted,  and  the 
CixmaU: 

Q  -  3-33l.H>» 

with  Francis'  correction  H'"  =  (D+A)"-'  —  A'-»,  usftd. 

II.  GeaeraJ  Fonnoln.— (a)  Weirs  with  ctunplete  contraction.  The  general 
results  of  all  existing  experiments  have  been  very  careAilly  discussed  by 
Hamilton  Smith.  I  am  inclined  to  believe  that  the  agreement  between  the 
various  series  is  not  quite  as  close  as  would  at  first  sight  appear,  since 
Hamilton  Smith  seems  to  select  the  correction  for  the  velodty  of  approach  with 
but  litde  regard  for  the  method  of  observation  employed  by  the  original 
experimenter. 

I  should  not,  however,  feel  justified  in  proposing  3  formula  diffisring  from 
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that  deduced  by  Hamilton  Smith,  were  H  dm  that  I  find  that  tb«  mean  result 
of  the  observations  can  be  very  well  represented  by  farmute  which  permtl  ns 
to  obtain  the  dischai^  by  a  multiphcatioo  of  two  figures  taken  from  tables,  in 
place  of  three  required  with  the  coefficients  given  by  Hamilton  Smith. 
The  proposed  formulse  are,  with  H  =  D+I'4A. 

(i)  For  heads  less  than  0-40  foot. 

Q  =  3-101  L'"*  H'*',  so  long  as  L,  is  less  than  2-6  feet. 

Q  =  3-146  L'**'  H'**,  where  L,  is  greater  than  a'6  foot, 
(ii)  For  heads  greater  than  0-40  foot. 

Q  ^  3110  L'**  H*^-*",  so  long  as  L,  is  less  than  4  feet. 

Q  =  3-112  L'""  H'-"*  for  L,  between  4  and  10  feet. 

Q  =  3-148  L'""  H'***  for  L,  grealer  than  10  feet. 

These  formulae  hold  up  to  L  =  30  feet,  and  possibly  for  greater  values  of 
L  }  and  for  H,  as  high  as  1-7  foot,  and  possibly  further.    (See  p.  132.) 

(b)  Weirs  with  side  contractions  suppressed. 

Bazin's  formula  should  be  used,  and  the  head  should,  if  possible,  be 
measured  i6'4  feel  above  the  weir. 

The  following  are  the  chief  corrections  which  should  be  made  : 

(i)  If  the  nappe  be  allowed  to  expand  after  leaving  the  weir,  increase  the 
discharge  as  obtained  by  Bazin's  formula,  by  ^  to  }  per  cent.,  or  use  the 
Francis'  formula,  and  measure  the  head  6  feet  above  the  weir. 

(ii)  If  the  stream  is  unusually  deep,  say  more  than  4D,  in  depth,  and  the 
head  is  measured  closer  to  the  iveir  than  i6'4  feet,  it  may  be  better  to  employ 
Francis'  formula,  with  Hunking  and  Hart's  correctioiL 

wherei-rjj  is  less  than  0-36 ;  while  if    -  ^  be  greater  than  0-36,  the  origioat 

Francis  formula  for  the  correction  for  velocity  of  approach  must  be  "f^, 
though  in  such  cases  the  Baiin  formula  is  certainly  more  accurate. 

GsNERAL  Agreement  op  Weir  Discharge  Forhul^.—Plx  first  Mght 
it  would  appear  that  the  various  weir  formula:  are  so  discordant  as  to  produce 
a  certain  distrust  in  weirs  as  a  method  of  measuring  water. 

For  example,  taking  a  weir  without  end  contraction,  we  have  ; 

Francis        .        .    Q  =  3'33  LH'-* 
Hamilton  Smith  .    Q  =  3-31  to  3's'i  LH»» 
Fteley  and  Steams  Q  =  331  LH'-»+o-oo7L. 

and  it  wotild  therefore  appear  that  difiierences  as  great  as  d  per  cent,  might 
occur. 

As  a  matter  of  practice^  if  all  considerations  except  the  numerical  result  are 
disregarded,  differences  of  2,  or  3  po-  cent  can  be  obtained  ;  and  1  am  by  no 
means  satisfied  that  such  juggling  is  entirely  unpractised  in  commercial  testing. 
When,  however,  the  matter  is  treated  in  a  scientific  manner,  it  must  first  be  rt- 
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maitad  that  tbfl  H,  in  the  above  fimrniliB  is  by  no  means  the  same  quantity. 
Piiltbg^=*. 

Fnuids  defines         ....     H'»-  (D+^y'-AW 
and  vety  nearly     .        .        .        .     H    =D+a(i-S^/^) 

Hamilton  Smith  puts  .  .  .  H  =D+Ar33 
Fteley  and  Stearns  ,  .  H  =  D+,4  rj 
Baiin H     =  D+A  168 

Thus,  we  see  that  with  the  exception  of  Hamilton  Smith's  general  formula, 
die  smaller  the  coefficient  C,  in  the  equation  Q  =  CLH'-',  the  larger  will  be  the 
value  of  H,  as  calculated  for  the  same  values  fA  D,  and  v,  the  quantities 
utually  observed.  The  water  surface  of  the  stream  above  the  weir  is  not 
absolutely  horizontal,  but  drops  down  in  a  flat  curve  towards  the  weir.  Thus, 
ihe  observed  value  of  D,  depends  to  some  degree  upon  the  exact  point  at  which 
the  observations  are  taken,  and  the  greater  the  distance  of  the  gauge  from  the 
weir,  the  larger  will  be  the  values  which  are  obtained. 

The  balancing'goes  even  further.  Bazin  observed  D,  at  a  distance  of 
16  feet  from  the  weir,  and  obtained  the  smallest  coefficient  in  the  whole  series. 
The  other  observers  generally  used  6  feet  as  their  standard  ;  although,  in  some 
cases,  where  other  distances  (usually  less  than  6  feet]  were  used,  corrections 
for  surface  curvature  appear  to  have  been  applied.  Owing,  to  the  curvature  of 
the  water  surface  as  it  approaches  the  weir,  it  is  certain  that  the  D,  as  observed 
by  Bazin,  is  appreciably  Larger  (my  calculations  indicate  O'j,  to  07  per  cent. 
larger ;  but  I  would  lay  no  stress  00  an  obviously  flimsy  piece  of  evidence) 
tbao  that  which  would  have  been  observed  by  the  methods  of  Francis,  or 
Fieley  and  Stearns. 

I  bad  an  opportunity  of  testing  the  question,  and  conducted  18  experi- 
meats  as  foUows  : 

An  unknown  volume  of  water  was  passed  over  a  weir  constructed  according 
lo  Baiin's  specification,  except  that  the  sides  of  the  channel  were  of  wood,  in 
place  of  cement  plaster.  The  value  of  D,  was  observed  according  to  Bazin's 
methods,  say  DB,at  i6'4  feet  above  the  Bazin  weir.  The  water  then  passed 
over  a  standard  Francis  weir,  and  D,  was  observed  in  a  box  according  to 
Francis'  methods,  at  6  feet  above  the  standard  Francis  weir,  say  Df,  The 
lengths  of  the  sills  of  tl^e  two  weirs  were  as  follows  : 

LB=4'o8feet,        L>.  =  404  feet. 

D»,  and  Df,  were  then  corrected  by  the  proper  formulse,  and  H|,  and  H^, 
were  used  to  calculate  the  quantity  discharged  according  to  Baiin's  and 
Frands'  foimulas. 


The  ratio -^^-^  varied  between +1-4  per  cent,  and  -r6per  cent,  with  a 

mean  error  of  — o'l  per  cent.  I  was  not  at  the  time  so  skilled  an  observer  as  I 
later  became  (this  being  almost  my  first  attempt  at  large  scale  weir  observations). 
I  am  now  inclined  to  believe  that  a  skilled  worker  would  have  obtained  less 
concordant  results  by  selecting  quantities  of  water  which  were  better  suited  to 
disclose  the'  tack  of  agreement  in  the  formulsc,  {e^.  in  all  my  observations  the 
values  of  D,  lay  between  qy  and  ri  foot,  and  this  range  is  probably  the  one 
over  which  the  formulae  agree  best). 
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Nevertheless,  the  agreemeot  is  well  within  the  probable  accuracy  of  my 
observations,  and  I  believe  that  the  various  weir  fortnuUe,  when  properly 
applied,  lead  to  results  which  agree  with  each  other  quite  as  closely  as  would 
those  obtained  by  two  independent  observers  working  up  their  separate  obser- 
vations, and  using  the  same  formula. 

If  the  reverse  method  is  adopted,  and  Bazin's  formula  and  methods  of 
observation  are  applied  to  calculate  the  discharge  over  a  Francis  weir,  where 
p=  4'6  feet,  the  reasoning  already  employed  indicates  that  the  ^reement  will 
probably  Be  less  accurate,  but  experiinents  do  not  exist. 

For  weirs  with  side  contractions,  the  apparent  agreement  in  the  formula  is 
somewhat  better.    The  formula;  must  be  considered  as  less  accurate,  and  the 


Effective  length '^^ Measured  length— «Hx  O'l 
{see  p.  105)  must'  be  regarded  as  subject  to  some  uncertainty. 

The  only  definite  experiments,  other  than  the  original  ones  by  Francis,  were 
undertaken  by  Baiin  (as  yet  unpublished). 

It  would  appear  that  under  certain  circumstances  (usually  at  low  beads) 
the  factor  o'l,  may  attain  the  value  014.  The  fact  that  the  French  official 
instructions  do  not  give  any  other  rule  than  that  of  Francis,  is  fair  proof  thai 
the  present  fonnulaa  do  not  depart  very  widely  from  the  truth,  under  any 


Shoip-edged  Notches  of  other  than  Rectangular  Form.— The  only  notches 
which  have  been  sufficiently  experimented  on  to  be  used  in  accurate  measure- 
ment are  the  Triangular  Notch,  and  a  special  form  of  Trapezoidal  Notch  known 
as  the  Cippolciti  Notch. 

(a)  Triangular  Notches.— Voa  usual  theory  leads  to  the  following  formula ; 

and  L],  the  width  of  the  notch  at  the  water  level  varies  as  D. 
Let  L,=«D  say,  so  that  Q= A^M^^D** 

We  find  experimentally  that  M,  vaties  with  s,  but  is  quite  unaffected  by  D, 
probably  owing  to  the  fact  that  the  cross-section  of  the  issuing  stream  remains 
similar  to  itself  for  all  values  of  D. 

The  foltowing  special  cases  may  be  given  : 

i=\.    OtL,  =  — .        Q-O707D*-'  up  to  D<o  1*6  foot. 

»=i.    OrLi-D.         Q  =  i'3iD"uptoD  =  rsfoot 
1=2,    Or  Li=2D.       Q=3-545D"uplo  D  =  1-10  foot, 

with  the  floor  of  the  approach  channel  at 

least  D,  below  the  vertex  of  the  iiotdi. 
Q-.2-S6D"  upW  D-i'iofoot, 

with  the  floor  at  the  level  of  the  notch. 
2=4.     OrLi=4D.       Q=S"3oD"upto  D  =  ro6  foot, 

with  the  floor  well  below  the  vertex. 
Q=S-i2D" 

with  the  floor  at  the  level  of  the  vertei- 

Thc  above  formulse  ate  due  to  Thomson  {firit.  Asscn.  Seport,  1861,  p.  155, 
not  the  usual  reference  of  1858)  and  Leshe.    The  upper  limits  of  D,  are 
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ihc  greatest  values  observed  in  my  own  experiments  which  ranged  from 
D=o'6o  foot  upwards,  by  intervals  of  o'oi  foot  A  special  examination  was 
made  of  each  O'lO  foot  interval,  in  order  to  detect  variations  in  M,  with 
negative  results. 

1  obtained  my  results  by  a  series  of  systematic  volumetric  checkings  into 
i  taok  of  2900  cube  feet  capacity,  the  head  being  read  directly  on  a  carefully 
adjusted  brass  scale.  The  probable  error  was  0*4  per  cent.  Consequently,  it 
may  be  assumed  that  these  notches  afford  a  ready  means  of  gauging  water  up 
10  a  dischaige  of  about  5  cusecs,  with  an  accuracy  of  0*4  per  cent. ,  and  the 
coefficients  given  above  probably  hold  good  for  heads  greatly  exceeding  those 
stated. 

I  do  not  give  any  formula  for  the  correction  for  velocity  of  approach  ;  since, 
with  a  [Hoperly  proportioned  approach  channel,  v,  cannot  exceed  0'5  foot 
per  second,  unless  contraction  is  incomplete  ;  and  for  v^a-^  foot  per  second, 
t=o'oo2  foot,  which  is  inappreciable  in  direct  readings  on  scales. 


Fiia^^mUimnd^  f^M.    Citpole/fi 


Sketch  No.  30. — Notch  with  Rounded  Edge,  Triangular  and 

Cippoletti  Notches. 

I  have,  however,  purposely  tried  the  effect  of  high  velocities  of  approach, 
and  incomplete  contraction,  and  can  state  that  the  fill  results  of  both  effects 

rombinedcan  be  allowed  for  by  putting  H=U+-—  in  the  fotmulfc. 

(A)  Trapezoidal  i'lolchts.—'T\vt  theoretical  formula  is  as  follows  : 

■here  e\,  and  r,,  are  coefficients  of  dischaige,  and  «,  is  the  slope  of  one  side  of 
the  weir  to  the  vertical,  L,  being  the  length  of  the  sill  of  the  weir. 

Now,  if  we  consider  Francis'  formula,  we  see  that  the  effect  of  side  contrac- 
tions i*  to  decrease  the  dischaige  by  an  amount  eqnal  to 


D,=;,lz...,C00g[c 


ii6  CONTROL  OF  WATER 

EquadnfT  this  to  the  amount  passed  by  the  two  triangular  end  pieces,  i.e. 

A^s^^H",  weget,«*i.    (Sketch  No.  3a) 

Cippoletti  experimented  on  a  weir  of  these  proportions,  which  otherwise 
satisfied  Francis'  specification,  and  came  to  the  conclusion  that  its  ctiscbaige 
could  be  represented  by  : 

Q  =  3-367LH>* 

with  the  Francis  velocity  of  approach  correction  {CemdU  ViUoresi,  ModuU  per 
U  Dispttua  dtUa  Acqut). 

Flinn  and  Dyers'  experiments  gave  the  formula  : 
Q  =  3-301  LH'-» 

wifli  H  =  D  +  i'4>l,  which  is  more  easily  apfdied  (TVtHu.  Am.  Sec.  ef  C.E^ 
vol.  32,  p.  9)- 

Welr  Gansiiv  of  Water  containing;  Silt — In  order  to  obtain  any  real 
accuracy  in  gauging,  it  is  necessary  to  render  the  velocity  of  approach  small, 
and  this  encourages  the  deposit  of  silt.  If  the  action  is  not  carefully  observed, 
it  will  be  found  that  these  deposits  rapidly  accumulate,  and  may  very  appreciably 
alter  the  coefficient  of  discharge  of  the  v/eir,  by  suppressing  contraction. 

The  matter  was  most  forcibly  brought  before  me  in  connection  with  the 
accurate  measurement  of  water  containing  silt  in  proportions  up  to  ,^g  <£  its 
volume.  The  following  methods  are  the  fruit  of  systematic  volumetric  check- 
ings, and  are  subject  to  a  probable  error  of  07  per  cent. 

The  ordinary  Francis  weir  (with  end  contractions),  or  the  Cippoletti  type,      ^ 
are  quite  useless,  as  the  conditions  for  complete  contraction  cannot  be  preserved. 
The  Bazin,  or  Francis  weir,  without  end  contractions,  is  less  rapidly  aifecied ;      ' 
but  is  not  really  reliable  unless  the  depth  below  the  weir  crest  is  systematically      ' 
preserved  at  about  2H,  at  least.  I 

The  methods  finally  adopted  were  two  in  number,  vii, :  I 

ifl)  The  Triangular  Notch. — This  was  found  to  be  unaffected  in  its  discharge 
by  any  deposit  of  silt  that  could  be  induced  to  remain  in  firont  of  it,  even  by 
such  methods  as  laying  down  straw  mats  immediately  above  the  notch.    This      I 
statement  holds  for  the  Li=i=D,  L,=zD,  and  Li^4D  notches,  under  heads     I 
ranging  from  o'6o  foot  upwards.  i 

The  results  given  by  Thomson  (see  p.  114)  indicate  that  a  straw  mal  or  j 
"  floor"  will  have  some  effect  in  the  case  of  beads  lower  than  0-60  foot,  bat  I 
the  effect  was  not  observed  in  my  experiments. 

This  method  is  the  best  if  the  quantity  of  water,  and  the  available  head 
permits  its  adoption. 

(b)  For  quantities  of  water  greater  than  those  which  could  be  conveniently 
measured  over  triangular  notches  1  employed  a  weir  of  Cippoletti  form,  but 
with  partially  suppressed  contractions.  Sketch  No.  31  shows  the  elevation  and 
cross -section,  and  it  may  be  noted  that  the  somewhat  peculiar  stopping  of  tbe 
brickwork  on  either  side  of  the  notch  was  necessary  in  order  to  prevent  tbe 
wooden  board  in  which  the  weir  notch  was  cut,  from  warping. 

The  position  of  the  brick  sill  in  relation  to  the  sill  of  the  notch  )ras  fixed 
so  as  to  cause  the  natural  Sow  of  the  water  to  swe^  away  any  silt  deposited 
on  it. 

Subject  to  the  above  condition,  it  was  found  that  deposits  of  silt  outsde  tbe 
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btick¥nirk  bad  m>  cAect  on  the  disdu^e,  and  the  fdlomng  fonnnlEe  were 
adcq>ted : 

For  a.  Cif^Nletd  weir  with  k  eiU  I3  inches  long,  we  findfirom  23  observations 
Itiat; 

(i)  When  D,  is  less  than 050  foot, 

log  Q=f6i  log  loD  — 1030. 
(ii)  When  D,  is  greater  than  0-50  foot, 

log  Q.—  i'57  log  ioD-o'988. 

The  formulae  hold  over  the  range  0=015  foot  to  D^o'90  foot  and  the 
observed  discharges  agree  with  the  calculated  figures  in  every  case  if  an  error 
of  o-ooj  foot  or  less  in  D,  is  assumed  to  occur. 


SecKoo       I  EltMtion 

Sketch  No.  31.— Contracted  Cippolelti  Notch. 

For  a  Cifqmletti  weir  with  a  sill  18  inclies  long,  we  find  ftom  17  observations 
that: 

For  all  vahies  <rf  D,  between  o-zj  and  075  foot, 

logQ  =  i-57  log  ioD-o'836 
and  all  differences  can  be  explained  by  assuming  an  error  of  0X105  foot  jn  the 
observed  value  of  D. 

For  a  Cippoletti  weir  with  a  2  foot  sill,  wc  lind  from  14  oljservations  that : 
For  all  values  of  D,  between  oyo  and  070  foot, 

log  Q  =  iS7  log  ioD-0702 

These  formula  may  be  expressed  in  the  forms  : 

(i)i  foot  weir    ....    Q=3-8aD»-" 
(ii)  i-S      .,  ....    Q=s-4aD'-" 

(iii)  2 Q-7-38D'*' 

If  errors  of  2  per  cent,  are  permissible,  the  general  formula  Q=378L'*"**D'"*' 
may  be  used  for  Cippoletti  weirs  with  contractions  as  shown  for  values  of  L, 
between  i  and  2  feet 

Suppression  of  Contraction. — The  question  of  the  effect  of  partial  sup- 
pression of  contraction  over  portions  of  the  notch  boundary  is  obscure.  The 
discharge  will  be  increased  in  all  cases.  Hamilton  Smith  (J/ydraulics,  p.  110) 
states  as  follows  : 

Let  X,  be  the  least  dimension  of  the  notch,  whether  L,  o 
Let  R  =  L+3H,  be  the  wetted  perimeter  of  the  notch. 
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Let  Y,  be  the  distance  of  any  boundary  of  the  notch  from  the  correspmding 
side  of  the  approach  channel. 

Let  S,  be  the  length  of  the  portion  of  thenotch  boundary  over  vrfatcb  this 

Then,  the  discbarge  of  the  notch  with  partially  suppressed  contraction  ia 
I  H—g-  that  of  a  similar  notch  with  complete  contraction  all  round  its  boundaries 
(the  general  formula  being  used)  ahd 


3 o-ooo 

2 c'oos 

I o'MS 

i 0060 

o 0160 

The  above  formula  can  be  considered  only  as  a  rough  guide,  and  it  would 
be  futile  to  expect  to  secure  the  accuracy  of  either  the  accurate  Francis  or 
Bazin  fonnulx. 

Some  of  my  own  experiments  on  a  rectangular  notch  lead  me  to  believe 
that  when  ^  is  i,  the  actual  flow  is  usually  lai^er  than  the  corrected  value  as 
above  obtained,  and  Freeie's  formula  (see  below)  seemed  to  accord  better. 
Prasil  {Schwtiseriscke  Bauzeitung.,  1905)  finds  the  reverse  to  be  the  case,  and  at 
present  no  general  formula  for  a  suppressed  notch  can  be  regarded  as  accurate 
to  even  5  per  cent,  over  large  ranges  of  H,  or  L. 

Experimental  Weir  Formula. — The  usual  method  of  allowiug  for  the 
effect  of  partial  suppression  of  contraction,  and  other  deviations  from  dte 
standard  weir  fbnn,  is  to  state  the  equation  in  the  following  manner  : 

Q  =  CLD>» 
and  to  give  an  expression  for  C,  in  terms  of  D. 

As  an  example,  Freeie's  formula  may  be  taken  ;  which,  if  B,  be  the  breadth 
of  the  assumedly  rectangular  approach  channel,  and  T,  is  its  depth,  so  that : 

T=D+/ 
where  j>,  is  the  height  of  the  weir  crest  above  the  bottom  of  the  channel,  is 
represented  by : 

Q  =  s-35fiLD"  including  velocity  of  approach. 
Where : 

0558  _  0-346   \ 


The  agreement  wiih  the  observations  discussed  is  good,  but  the  practical 
application  of  the  formula  is  somewhat  wearisome. 

On  the  other  hand,  a  wooden  fliune  with  a  tenninal  weir  is  practically  a 
standard  hydraulic  apparatus,  and  considerations  of  available  space  usually 
prevent  the  weir  from  being  made  of  the  standard  Francis  or  Bazin  type. 
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It  therefore  becomes  necessary  to  iiujuiie  whether  tome  more  convenient 
djschai^  equation  cannot  be  obtained. 

Tbe  method  of  logarithmic  plotting,  enables  me  to  say  that  all  accessible 
nperioients  agree  very  accurately  with  formulic  of  the  type : 
Q  =  KD'' 

pravided  that  D,  is  over  0*40  foot  The  same  form  holds  when  D,  is  less  than 
this  value,  but  the  values  of  K,  and  N,  are  changed. 

At  present  I  cannot  give  rules  for  the  values  of  K,  and  N  ;  but  would 
observe  that  the  more  the  contraction  is  suppressed,  the  greater  is  tbe 
valneof  N. 

Indiiied  Weirs.— When  the  whole  barrier  forming  the  wur  is  inclined  in  a 
vertical  [Jane,  and  the  notch  is  sharp-edged,  Bazin  {Ecoulemeni  en  devtrsoir,  n. 
P-  43}  gives  the  following  ratios  for  : 


Discharge  of  inclined  weir 
Dischai^  of  standard  weir 

4eD,  and  A  being 

the  same  for  both  vreirs  : 

Inclination. 

Ratio. 

orciaQ=CLD''. 

HorisDQtd. 

Vertical. 

I  Upstream 

I 

0-93 

3097 

3 
3 

Vert 

cal 

(Boileau  finds 
0-973) 

3''3 
3T97 

J  Downstream 

2 

104 
107 
no 

3 '33 
3'463 
3563 
3-663 

I          " 

a 
4 

1-09 

3-730 
3-630 

The  maximum  value  of  the  discharge  occurs  when  the  inclination  is  about 
7  boriiontal  to  4  vertical; 

Obflqne  Wdra. — The  case  of  a  weir  oblique  to  the  approach  channel  has 
been  sttidicd  by  Aicbel  {Ztsckr.  Deutsche  Ingenieure  Vtrein,  October  31,  1908). 
The  notch  had  no  side  contractions,  and  the  sill  was  10  inches  (0*34  metre) 
above  the  bottom  of  the  approach  channel,  the  heads  ranging  from  6  inches 
ttpwardi.  Except  for  its  obliquity  the  weir  was  of  the  standard  sharp-edged 
Buln  type. 

Taking  L,  as  the  length  of  the  sill  of  the  notch, 

p,  as  its  height  above  the  bottom  of  the  channel, 

(,  as  the  angle  the  weir  makes  with  the  sides  of  the  channel, 

D,  as  the  head. 
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Let  Qb  be  the  diKhai^e  over  a.  weir  oT  notch  length  L,  and  heigiit^,  under 
a  head  D,  as  computed  by  Bazin's  formula  (p.  109).    Then  Aichel  finds : 


Q-(.-T?)«- 

n  the  following  table. 


' 

For  ChADtiel  025  MeWe 
(say  10  Inches  wide). 

For  CbaJmel  0-50  MeUe 
(say  20  Inches  wide). 

IS  degrees 
30       ,. 
45       ,. 
60       „ 
75       „ 

3»S 
S3' 

I9»3 
6579 

3«2 

700 

i>S= 

1275 

6579 

The  observations  are  accurate,  but  it  can  hardly  be  sujqxised  that  they 
disclose  the  whole  law,  especially  the  effect  (rf  variations  of^. 


/b-      At  iuf  nunded 

A  o-i3>'rddiin^i0s/ttam  cxoer. 


.-K — • 

4 

r 

SKBTt:H  No.  31.— Coefficients  of  Diuhaige  for  Brood-crested  Weira. 

We  can,  however,  be  fairly  certain  that  where/,  is  not  too  small  in  com- 
parison wid>  D,  and  especially  where  the  weir  has  side  contractions,  the  eBect 
of  a  slight  obliquity  is  not  very  marked. 

Certain  escape  weirs  in  America  have  been  constructed  with  the  sill 
crenellated  in  plan,  so  as  to  give  a  sill  length  which  is  three  or  four  times  ihe 
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width  of  tbe  escape  chuiieL    llieae  an  Mated 'to  discliarge  the  Mine  qtuntity 
u  a  Hnugbt  wKiT  of  equal  length. 

AkJiel's  values  show  that  if  /,  be  \9x%k  in  con^ariMU  with  D,  thisia 
prabfibly  approximately  correct,  and  in  casea  where  the  nature  of  the  ground 
ii  such  as  to  permit  a  very  deep  escape  cbsnnel  to  be  excavated  more  readily 
than  one  which  is  somewhat  wider,  but  shallower,  such  construction  appears 
to  be  desirable. 

I  should,  however,  prefer  to  deduct  some  la  per  cent,  from  the  sill  length  hi 
calculating  the  discharge,  and  shouldlike  to  have/,  at  least  equal  to  3D. 
Tbis  is  not  impossible,  as  assuming  that  D  is  equal  to  5  feet  and  that  the  sill 
lei^  is  three  times  the  width  of  the  channel,  it  is  evident  that  each  foot  wkhh 
of  the  escape  or  approach  channel  most  carry  at  least  100  cusecs  (allowing 
■0  per  cent  deduction),  and  this  would  require  about  10  feet  depth,  ao  that  the 
bottomof  the  channel  must  ^  some  15  feet  below  the  till  of  the  weir  in  order 
to  avoid  drowning  the  weir. 

iVEiR  iriTH  RevitDED  Edges.— In  some  casts  the  edges  of  the  notch  are 
Ml  perfectly  sharp,  although  sufficiently  sharp  to  cause  the  nappe  to  spring 
dear  of  the  sill  of  the  notch  (Sketch  No.  30,  Fig.  i).    (Compare  p.  141.) 

Fteley  and  Stearns  (7>ww,  Am.  Soc.  of  C.E.,  vol.  12,  p.  97)  working  with  a 
weir  the  notch  sill  of  which  was  0*035  foot  wide,  and  with  an  upstream  edge 
ronndedtoiadiiof  ^  inch,  ^  inch,  and  I  inch,  found  that  the  usual  foimulE  applied 
provided  that  07  radius  was  added  to  H.  D,  must  exceed  0-17  foot,  0*36  foot, 
or  o'4S  foot,  in  order  that  the  nappe  may  spring  free  from  the  sill.  When  the 
lill  waa  4  inches  wide  the  correction  is  : 

H  =  Observed  H  +  0*41  radius 

When  the  sill  is  sufficiently  wide,  or  the  radius  is  sufficiently  large  to  cause 
the  nappe  to  adhere  to  the  sill  of  the  notch,  the  formulae  for  sharp -edged 
weirs  are  inapplicable  (see  p.  128). 

These  corrections  will  be  found  very  usefiil  when  weirs  in  which  the  notches 
are  constructed  from  wooden  planks  are  used  for  measuring  small  quantities 
of  water. 

I  have  applied  the  correction  070  radius  to  cases  where  the  radii  were  i  inch, 
i(  inch,  and  -find  that  it  leads  to  results  which  agree  very  closely  with 
ic  checkings,  provided  that  the  nappe  springs  free.  Since  I  could  not 
observe  D,  more  closely  than  0*005  ''oot,  t  am  unable  to  state  that  the  ratio 
0*70  is  correct,  as  0*65  or  0*75  would  have  answered  equally  well. 

Drowned  Weirs  (Siurf-ei>gsd).— The  following  notation  wilt  be  em- 
ployed (Sketch  No.  33). 

d,  is  the  difference  in  level  between  the  upstream  itater  sur&ce  and  the 
sill  of  the  notch. 

^],  is  the  same  quantity  for  the  downstream  water  surface. 

p,  is  the  difference  in  level  between  the  sill  of  the  notch  and  the  bottom  of 
the  upstream  channel. 

px,  is  the  difference  in  level  between  the  sill  of  the  notch,  and  the  bottom 
of  the  downstream  channel 

Thus,  the  depth  of  water  in  the  upstream  channel  is  represented  by  d-^p, 
and  in  the  downstream  channel  by  d^  -Vpi- 

D,  the  head  over  the  weir  is  : 

d-d^ 
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The  proUem  is  comiriicated,  and  h«s  by  no  means  been  comi^etely 
investigated.  In  the  first  place,  the  corrections  for  velocity  of  approadi  are 
obscure,  and  in  theory  at  any  rate,  it  is  plain  that : 


H 


escape," 


e.  the  mean  velocity  i 


the  tower 


where  V|,  is  the  velocity  of  " 
channd. 

The  existing  experiments  refer  solely  to  weirs  without  end  contractioBs. 
Francis  (Tram,  of  Am.  Sec.  ofC.E.,  vol.  13,  p.  jogX  following  the  appxw- 
iniate  theory  that  the  discharge  is  the  sum  of  that  of  an  ordinary  weir  under  a 
bead  equal  to  D,  and  of  an  orifice  with  a  length  L,  and  a  height  d-i,  under  a 
head  D,  finds  that : 

Q  -  3-33LCH,  -  H,)"+4-6oLH,  %^  I^^li, 
where  Hi,  is  the  value  of  d,  measured  to  a  still  water  surface  ;  and  H„  is  the 
value  of  di,  measured  at  a  point  where  the  oscillations  did  not  afiect  the 


Skbtch  No.  33.— Gener«Iised  Slietch  of  a  Drowned  Weir. 

So  &r  as  can  be  gathered  from  the  figures  given  in  Francis'  paper,  the 
weir  was  a  standard  Francis  weir  in  all  respects,  but  the  velocities  of  apptoach 
and  escape  were  so  small  that  Hi=i^  and  H|^j/i. 

The  formula  is  the  result  of  34  experiments  on  a  13*2  feet  notch  with  : 
Q,    ranging  from  73  to  224  cusecs. 
d,    ranging  from  0-99  to  j-ji  feet. 
di,  ranging  from  0*02  to  1  'i  i  foot. 

The  least  value  of  i/„  is  determined  by  the  condition  that  air  had  dis- 
appeared from  under  the  nappe,  which  usually  occurred  at  ifi=o'o8  fool,  to 
o-iofo'ot,  but  was  delayed  until  if,  =017  foot,  when  (/=  1*96  foot. 

Francis  assumes  that  the  coefEcient  of  the  first  term  in  the  expression 
for  Q,  is  always  3*33,  and  under  this  assumption  the  minimum  value  of  the 
coefficient  which  is  represented  by  4'6a^  was  4*55,  and  the  maximum  4'64. 

The  formula  agrees  within  i  ptfr  cent,  with  the  experiments  of  Fteley  and 
Steams  on  a  notch  6  feet  wide,  with  fi=Pi^3'i7  feet,  and  d,  varying  from 
0*4  foot  to  0*8  foot,  and  d„  from  0*01  foot  to  079  foot  in  14  of  the  23  cases. 
In  two  of  the  exceptions,  d,  is  less  than  o'lo,  and  the  nappe  was  probably 
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anattd,  and  in  two  otbcr  cases  d—dx,  wu  less  thnn  o-aj  foot,  so  that  » 
results  cotild  not  be  expected.    (Ibid.  voL  12,  p.  103.) 

In  no  case,  except  the  laM  two,  does  the  difference  exceed  z  per  cent. 

Until  further  experiments  are  made,  we  may  therefore  adopt  Francis' 
fbrmala  as  a  general  basis,  subject  to  the  conditions  that  the  nappe  is  not 
aerated  on  the  under  side,  and  that  there  is  a  wide  pool  helow  the  weir,  so  that 
the  nappe  not  only  expands  laterally,  bnl  falls  into  a  body  of  water  almost  at 


Then 


t  important  c 


1  practice  is  that  in  which  J  is  small.    Clemens 


Herechel  {Trans.  Am.  Soe.  ofC.E.,  vol.  14,  p.  180),  has  collected  the  experi- 
ments of  Francis,  and  Fieley  and  Steams,  and  gives  a  formula  that  can  be 

Q«3-33  KLH" 
where  H=rf. 

The  values  of  K,  are  as  follows : 


di 
d 

K 

d'i 

d 

K 

O'oo 

rooo 



J 

OOJ 

O'OI 

1006 

0-13 

I 

000 

o'oa 

1-009 

014 

0 

997 

0-03 

1-009 

o-is 

0 

994 

o'o4 

o-i6 

0 

991 

o-os 
o-o6 

1-01 1 

I'OIO 

0-I7 
018 

° 

988 
984 

o'07 
008 

1009 
I -009 

019 
o-ao 

0 

98. 
978 

0*09 

1008 

OZI 

0 

973 

O'lO 

l"oo7 

°'" 

0-970    1 

o-ii 

1005 

1 

These  y^ues  are  stated  to  be  accurate  to  1  per  cent.,  while  the  remainder 
of  Hetschel's  table  is  subject  to  errors  exceeding  i  per  cent.  I  have  been 
tuustoined  to  a^y  these  ratios  to  Francis'  weirs  (with  and  without  end 
contractions),  and  to  Cippoletti  weira  under  circumstances  where  the  checking 
and  comparison  of  the  observations  with  other  methods  was  so  systematic 
Ihat  non-systematic  errors  of  i  per.  cent,  were  certainty  detected,  and 
systematic  errors  of  o'5  per  cent,  would  probably  have  been  detected.  No 
such  errors  were  detected.  1  therefore  believe  that  accurate  comparative 
gangings  may  be  made  with  partially  drowned  weirs  by  applying  this  table. 

When  Herschel's  table  for  values  of  -^,  greater  than  0-12  was  similarly  applied, 
non-systematic  errors  of  a  and  3  per  cent,  were  discovered,  and  I  therefore 
abandoned  its  use.  The  errors  are  known  to  have  been  caused  by  wares  in 
the  escape  channel. 
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I  also  systsmaticallyciiedced  a  drowned  (Lt»aD),trwngii)ar  notch  gainst 
a  similar  undrowned  notch. 

I  was  unable  to  discover  any  difference  between  the  guifre  Tcadinfs,  so 

long:  as  -4|  was  less  than  o'z; ;  consequently,  I  believe  that  this  amount  of 

drowning  does  not  alter  the  discharge  by  0*5  per  cent  For  values  of  4,  greater 
than  0-30  certain  differences  could  be  detected,  but  these  were  very  irregular. 
The  difficulties  were  apparently  caused  by  waves  in  the  escape  channel,  but 
certain  capillary  phenomena  also  occurred.  It  is  believed  that  accurate  field 
gangings  can  be  undertaken  only  when    \,  is  less  than  oao,  or  caj. 

Better  results  can  be  obtained  when  the  escape  channel  is  of  the  same 
breadth  as  the  notch,  and  the  approach  channel,  provided  that  the  fonn  of  the 
napf>e  is  carefully  observed. 

The  following  abstract  of  Bazin's  work  is  given,  as  the  question  of 
accurately  measuring  lat^e  quantities  of  water  with  the  smallest  possible  loss 
of  head  is  of  great  importance  in  modem  turbine  tests.  The  difRcuIties  are 
obvious.  The  gauging  weir  must  be  specially  constructed  so  as  to  conform  to 
Bazin's  standard  ;  and  the  observers  must  be  skilful,  for  not  only  must  the 
fonn  of  the  nappe  be  carefully  noted,  but  the  difficulties  attending  the  deter, 
mination  of  the  quantities  d,  and  </],  are  great,  and  a  small  error  in  d^,  will 
materially  influence  the  results  obtained.  The  method  has,  however,  been 
systematically  employed  by  French  engineers  with  satisfactory  results. 

Sketch  No.  33  represents  a  drowned  weir  and  nappe  of  the  Frands,  or 
Fleley  and  Steams  type,  although  in  the  last  the  sides  of  the  nappe  were 
apparently  confined  for  about  6  inches  beyond  the  notch  sill. 

Baiin  (u/  titfira)  employed  an  escape  channel  of  the  same  dimensions  as 
the  approach  channel,  so  that  the  level  of  the  water  in  this  channel  had  a 
marked  effect  on  the  form  of  the  nappe. 

The  typical  form  is  the  waved  nappe  {nappe  onduUe),  as  shown  in 
Sketch  No.  34,  Fig.  I. 

My  own  experiments  lead  me  to  believe  that  this  form  of  nappe  is  iden^cal 
with  that  obtained  by  the  earlier  experimenters. 

There  is  also  the  "drowned"  nappe  or  air-free  form  {nappe  ntyie  paf 
dessous),  see  Sketch  No.  34,  Figs.  II.  and  III.,  and  the  adherent  form  (n>>^ 
adAerenU)  see  page  iii  and  Sketch  No.  34,  Fig.  IV^  and  the  nappe  with  a 
sUnding  wave  {m^pe  h  ressaui  eMgnJt\  Sketch  No.  34,  Fig.  V. 

The  experiments  cover  a  very  large  range  of  values  of  </,<fi,  and  j^,  aUboogh 
Pi,  is  always  equal  top. 

The  only  rational  method  of  discriminating  between  the  various  cases  is  to 
calculate  the  quantity  Pd,  which  is  actually  the  pressure  existing  under  the  nappe 
close  to  the  notch  sill  as  observed  by  a  special  pieiometer  (see  Sketch  No.  33). 

The  cases  run  as  follows  : 

(i)  ^  between— o'oo  and— o'36. 

Pi 

ijt.  the  weir  is,  geometrically  speaking,  not  drowned,  though  the  under  side  of 

the  nappe  is  not  aerated  ;  hence  owii^  to  the  relatively  narrow  escape  channel 

adopted  by  Bazin,  the  tail  water  influences  the  discharge  (this  effect  appears  to 
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be  entirely  due  to  the  relatively  narrow  escape  channel  used  by  Baiin,  and  no 
trace  of  it  can  be  found  in  the  experiments  of  Francis,  or  Fteley  and  Steams). 

Then,    5^°  =.  _o-i6+o75(^+o-os)  J 

There  are  two  sub  cases  according  as  : 

-A  is  less  than,  or  greater  than      -:  i'33+o-i6^ 

(<j)  When  less,  the  nappe  is  adherent,  or  striated,  and  the  circumstances 
are  unsuitable  for  accurate  gauging.  This  is  not  of  much  importance,  as  the 
weir  is  not  usually  drowned.  The  formula  Q  =  Q.  (1124— o'lij  ^)  may  be 
used,  but  is  not  very  trustworthy  unless  Pa  is  observed  directly. 

(^)  If  ^',  (which  may  be  negative)  is  numerically  greater  than  the  above 
expression,  the  nappe  may  assume  either  the  typical  drowned  weir  form,  or 
the  wavy  form. 

This  sub  case  is  subject  to  the  same  laws  as  the  geometrically  drowned 


(ii)  The  second  case  thereCne  includes  both  geomelricalty  drowned  weirs 
in  which  ~,  is  positive,  and  the  sub  class 
(i)  (*),  in  which  ^,  is  negative,  but 

-  o'26+o7s(5*+o'os  jj^  is  greater  than     -  f33+o-i6^ 
The  value  of  ^,  is  now  given  by  the  equation  : 

and,  except  for  certain  cases  which  will  be  considered  later,  the  nappe  is 
either  typical  or  wavy. 

Put  Q„as  the  discharge  of  a  non-drowned  weir,  with  the  same  (/and/,  as 
the  drowned  weir,  i.e, 

and  Q,  is  the  discharge  of  the  weir  considered  : 
(a)     --,  is  negative. 

(fi)    T^,  is  positive,  but  less  than  06. 

(c)    j^,  is  positive,  and  greater  than  o'6. 

Q-Q.{i+oo4ii)J'^' 
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Aa  aa  approximation  which  may  be  used  when  the  weir  is  not  of  the  tyjxcal 
Baiin  foim,  the  following  fonnula : 

covers  all  cases  included  midcr  {S)  and  {e),  with  an  etror  not  exceeding  i  per 

osL  to  3  per  cent.,  exc^  in  the  cases  where  -7,  and  ,*,  are  very  small,  and 

P  fix  '  ' 

these  are  obviously  unfitted  for  accurate  work. 

The  above  formula  hold  until  the  nappe  fonn  changes  to  a  nappe  with  a 
standing  wave,  when 

T,  is  less  than  o-6o~o'S94 

In  such  cases,  although  the  weir  may  be  drowned,  (j>.  rf„  is  positive)  the 
iwppe  itself  is  not  drowned  (sec  Sketch  No.  34)  and  the  formula  : 

Q-Q.{,-o,-o-=,5?j(,  +  i  J)} 
or  approximately : 

Q  =  Q.(o-878+o-ia8^) 
and  the  formula 

Q- {377+006 (^)"}l^" 

may  be  used  as  a  general  expression. 

The  above  fomiuls  are  complicated,  and  the  graphic  diagram  given  above 
(No.  34)  renders  the  matter  more  easily  comprehensible. 

Here,    the   abscissas   are  the   values  of  -S,  and  the    ordinates    are    the 

value*  of  ^ 

The  observations  should  be  plotted  as  points  on  such  a  diagram,  and 

(i)  Any  observation  which    is  represented  by  a  point  foiling  below  the 

Une  AB, 

is  a  case  of  an  adhering  nappe. 

(ii)  Proceeding  round  the  diagram,  observations  which  fall  between  AB 
"«>AC:  ^  =  o-6o-o-s&r 

are  cases  of  drowned,  or  wavy  nappes,  and  the  formula:  hold. 

As  a  general  princi^e,  the  drowned  forms  of  nappe  occur  near  the 
lines  AB  and  AC,  and  wavy  nappes  are  found  at  a  distance,  but  no  rule  can  be 
given,  as  the  forms  depend  to  a  large  extent  mi  the  preceding  circnitutancea 
of  the  discbarge  over  the  weir. 

(iii)  Points  to  the  left  of  the  line  -AC,  are  cases  of  a  nappe  with  a  standing 

The  diagram,  however,  suffices  to  discriminate  between  the  cases  suitable  for 
accurate  work,  and  the  unsuitable  cases  which  are  usually  not  geometrically 
drowned.  Although  the  precise  form  of  the  nappe  cannot  be  predicted,  there 
is  never  any  real  doubt  as  to  which  formula  should  be  selected  for  calculating 
the  discharge. 
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WkikS  with  other  thai*  Sharp-edged  Notches.— It  is  quiteimpossible 
to  give  any  rules  for  the  discharge  of  such  vreirs.    (See  Diagrams  Nos.  3  and  3.) 

Out  accurate  knowledge  of  the  subject  is  mainly  due  to  Bazin  (w/  supra), 
but  a  lat^e  amount  of  work  has  been  don^  of  late  years  in  the  United  States. 
The  whole  information  has  been  collated  and  re-calculated  in  a  most  able 
manner  by  Horton  {Weir  Experiments,  Coefficients  and  Formula),  and  this 
book  must  be  regarded  as  absolutely  indispensable  for  all  engineers  who  have 
any  occasion  to  consider  weirs  other  than  those  of  standard  form. 

The  coefficients  of  discharge  as  determined  by  various  experimenters  show 
large  diRerences.  These  are  probably  due  to  the  causes  discussed  undei 
Sharp-edged  Weirs ;  but  such  matters  as  the  place  where  the  head  was 
observed,  and  the  method  of  observation  being  rarely  recorded  with  sufficient 
completeness,  it  is  impossible  to  elucidate  fully  the  obscurities.  The  following 
examples  must  therefore  be  considered  merely  as  a  selection  from  several 
hundred  recorded  observations  ;  and  my  choice  is  unfortunately  somewhat 
influenced  by  accidents  such  as  having  had  occasion  to  use  or  check  the 
results  personally,  or  linding  that  either  Mr.  Horton  or  myself  were  able  to 
express  the  feels  in  a  short  formula. 

It  appears  that  the  form  of  the  weir  has  a  very  great  elTect  upon  the 
coefficient  of  discharge  when  the  head  is  small,  and  below  a  certain  limit  the 
coefficient  of  discharge  varies  very  rapidly  with  the  head.  Sketch  No.  35, 
Kig.  I.)  shows  an  actual  example,  but  it  must  not  be  taken  as  typical;  the 
limit  where  variation  ceases  being  usually  well  marked  as  in  Fig.  II.  Sketch 
No.  32.  This  limit  may  be  said  (very  loughly)  to  nccur  when  the.  head 
exceeds  (vice  the  longest  horizontal  dimension  of  the  weir  crest  Above 
this  limit  the  coefficient  C,  is  usually  constant,  or  it  may  be  ioaaA  that : 

The  variations  below  this  limit  are  not  as  a  rule  reducible  to  any  mathe- 
matical formula,  although  this  is  probably  merely  due  to  lack  of  adequate 
and  detailed  information,  and  there  is  a  certain  amount  of  evidence  to  show 
that  a  formula  of  the  type  : 

is  very  generally  true. 

Flat-toppsd  Weirs.— Yw.  w,  equal  to  the  width  of  the  flat  top  (sketch 
No.  33,  Fig.  I.). 

(i)  Ifl>,islessthaii  t'sw,  tbenappe  adherestodienotcb 
crest,  and 

Q-Q.(o7+oH5°) 

holds  for  a  weir  of  the  Barin  type,  and  with  a  very  Air  approximation  for  all 
weirs ;  Qn  boing  the  discharge  of  a  sharp  edged  weir  of  the  same  lengdi 
and  height  tuder  th«  same  head. 

(ii)  If  D,  is  greater  than  i  -yui 
the  nappe  springs  free  from  the  upstream  edge  of  the  flattop  (see  Sketch  No.  19), 
and  the  weir  is  sbarpedgedfor  all  effective  purposes(seeDiagTaia2,  Sketch  No.  32). 
The  various  formulae  often  given  for  flat-topped  weirs  such  as  : 

can  be  applied  within  certain  limits,  but  these  are  badly  deflned. 
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Horma{lVfir  Experimsntt,  p.  iii)  considers  thai : 
Q  =  3-64LH''' 
is  applicable  when  cc,  exceeds  3  feet,  and  — ,  lies  between  and  025,  and  1*5. 
The  weir  top  must  be  horiiontal,  and  my  own  experiments  lead  me  to  believe 


© 

Skbtch  No.  35. — Diagcam  of  TnanguUr  and  OrerSow  Tfpe  of  Wdr. 
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that  if  the  water  suriace  on  top  of  the  crest  is  at  all  wavy,  the  value  2*64  is 
exceeded,  and  273  may  be  taken  as  more  probable. 
The  value 

Q  =  309LH" 

as  theoretically  obtained  (see  Ency.  Brit.  "  Hydraulics,"  p.  472)  may  be  con- 
sidered as  a  maximum,  which  is  approached  in  cases  where  the  upstream  edge 
of  the  crest  is  rounded,  and  the  top  is  very  smooth  and  slopes  downward  in  the 
direction  of  stream  flow. 

If  we  put  D  for  the  head  observed  (say  6  feet  or  10  feet  above  the  upstreani 
face  of  the  top  of  the  weir),  and  D|  =  kQ  for  the  depth  of  the  stream  above 
the  centre  of  th^  flat  top,  or  wherever  the  stream  surface  first  becomes 
approximately  horizontal  (Sketch  No.  33,  Fig.  3),  there  is  a  certain  theoretical 

tosis  for  the  assertion  that :  

Q  =  802*^/1-*  LH'« 

where  H,  is  the  corrected  value  of  D.  In  practice,  it  is  probable  that 
©■95  to  o'98Q,  better  represents  the  true  discharge,  and  the  fraction  will  be 
(bund  to  decrease  as  the  lop  becomes  rougher.  The  formula  is  probably  most 
accurate  if  the  upstream  comer  of  the  weir  is  rounded  off.  The  observalions 
are,  however,  easily  taken,  and  the  results  thus  deduced  are  likely  to  be  more 
accurate  than  those  which  are  obtained  by  assuming  the  value  of  C. 

The  experiments  of  Bazin  and  of  the  United  States  Deep  Waterways 
Board  (see  Horton,  pp.  66  and  B8)  enable  the  following  vahies  to  be  given 
for  C,  in  the  formula : 

Q  =  CLH>» 
where  H  =  D+ii. 


V«lue  of  C,  from 

1 

Width  of  Weir  Top  in 
Feet 

Bazin's  Eiperimenu. 
H=osior3foot. 

U;S.D.W.  Experiments.  ' 

H.,-s»sT«. 

i'3i5 
3 -62 
6-56 

rounded 

3-63 

Upatream  comer 

rounded 

6-56 

a-35+o-5H 
2-53  +  o-,H 
2-47 +  01H 

3-90 +  o' I H 

expression  is  not 

linear,  but  0  =  2-90 

approxinuitely 

J-40  +  O18H 

S-6S  +  OI7H 
J-8i 

See  also  Figs.  1.  and  II.,  Sketch  No.  32. 

Triasgular  Weirs— Tot  weirs  with  a  vertical  upstream  face,  aod  the 
downstream  (ace  sl0[»ng  at  i  vertical  to  s  horizontal  (Sketch  No.  55,  Fig.  1} 
we  have  from  Bazin's  experiments : 

C  =  ^        (Horton,  ul  supra,  p.  125.) 
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The  head  should  exceed  0*3  foot  when  s,  is  less  than  2,  and  075  foot  for 
larger  values  of  J,  and  Basin's  experiments  cease  with  H  ^  i*sfoot.. 

So  alio,  the  U.S.  Deep  Waterways  Experiments  give  for  a  flat-topped 
crest  vf/j  foot  wide,  with  a  vertical  downstream  face,  and  the  upstream 
bcesktpJD^in  i  in  j',  the  following  values  for  heads  exceeding  i'75  foot- 
j=i  C=37o 

J=2  C-374 

^=3  C-3S8 

*=4  C=3-49 

j=s        0=3-39 

For  weirs  of  the  type  shown  (Sketch  No.  35,  Fig.  3),  if  the  crest  radius  is 
large  enough  to  cause  the  nappe  to  adhere  to  the  face  of  the  dam  ; 
'  C  =  {3-62-o-i6(j-[)}H'>-" 
Watsr-FALLS. — The  measurement  ofthe  discharge  of  a  fiill  such  as  occurs 
at  the  end  of  a  gutter  or  launder,  and  in  a  more  irregular  fashion  in  natural 
water-fiUls,  is  of  importance.  Unfortunately,  experiments  are  very  few  and  far 
between. 

If  the  discharge  is  regarded  as  occurring  over  a  very  wide  crested  weir  the 
uperimcnts  of  the  U.S.  Geological  Survey  (see  Horton,  ut  supra,  p.  104)  give : 
Q  =  CLHi-» 
where,  H'»=  (D+A)"-A'» 

and  D,  is  measured  10  feet  to  16  feet  above  the  crest  ^  the  weir. 
C  -  3-58  to  371      for  H  =  o'S  foot  to  4*5  feet 
Bellasis  {ffydrauUes,  p.  99)  finds  that : 

Q  =  4  74LD'* 
where  D,  is  measured  close  to  the  fall,  i^.  ou  top  of  the  cresL 
Baiin  finds  that : 
Q  =  3-50  to  2*64  LH''  where  the  crest  is  sharp-edged  upstream, 

and  Q  '  3*65  to  1-91  LHi-*  with  a  rounded  upstream  edge  to  the  crest, 

with  H  =  D+<S 

and  D,  measured  16  feet  above  the  crest. 

My  own  experiments,  which  are  comparable  to  the  theory  of  BeUasis  (being 
taken  in  a  launder  2  feet  x  i  foot  deep,  (tf  planed  boards)  give : 

Q  =  4-43  LD'-' 
with  D,  measured  i  foot  ftom  the  end  of  the  launder,  i^.  as  was  the  case  with 
Bellans,  and 

Q  «  3-12  LD" 

where  D  is  measured  30  feet  above  the  fall. 

The  difficulty  is  that  if  D,  is  measured  Utt  enough  above  the  foil  to  eliminate 
the  efiect  of  variations  in  the  velocity  over  the  cross-section  of  the  approach 
channel,  the  roughness  of  the  sides  of  the  channel  afiects  the  observations, 
and  vite  versa. 

On  r«-computing  my  observations,  it  appeared  that  for  the  launder  uaed, 
D,  should  preferably  be  measured  10  feet  (approx.)  above  the  faU. 

Coefficienta  of  Dischar^  for   Larce  Weira. —  It  frequently  happens  in 
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practical  calculations  that  either  L,  or  D,  aro  &r  greater  tbon  in  any  ai 
experiments. .  fiazin's  expetiinents  wer«  intended  to  apply  to  cftses  where  L 
was  ytii  great ;  and  his  results  agrree  generally  with  the  formula  given  by 
Francis  when  L  is  large,  and  D  exceeds  o'6o  or  o'^o  foot.  This  43  snfiicicrat 
to  render  it  probable  that  no  very  great  error  irill  be  introduced  by  the  applica- 
tion of  either  formula  to  the  calculation  of  such  discharges. 

Shaip-edged  Welra.— The  maximum  length  of  weir  over  which  the  dis- 
charge has  been  accurately  measured  is  2987  feet.  The  side  contractions 
were  partially  suppressed,  and  Carpenter  {Trans,  of  Am.  Soc.  0/  Meek.  Eng^ 
vol.  19,  p.  255)  finds  the  foUowing  values  of  Ci,  ia  the  equation  ; 

Q  =  Ci<L-o-2D)  {(D-f->i)'*-A»'} 


H,  in  Feet. 

^ 

H.  in  Feet.  • 

c, 

1*9  to  0-9 

0-9   „    0-6 
0-8   „   07 

3-S3 
3-54 
3-55 
3-56 

0*6  to  O'S 

04  ..    o'3 

3-M         i 

These  values  agree  very  fairly  well  with  those  which  are  obt^ned  by 
applying  Freeie's  fotmula  to  a  short  w«r  similarly  suppressed.  The  length  of 
the  weir  sill  would  therefore  appear  to  have  bat  Nttle  efi^t  upon  the  general 
laws  of  weir  discharge. 

For  high  heads,  we  find  eight  observations  on  a  Bazin  type  of  weir  con- 
ducted at  Cornell  University,  and  checked  over  a  standard  Bazin  weir,  which 
give: 

Q  =  3-3rBI.{(H-i-*)i-'-A'-»} 

with  H,  from  2-00  to  4-88  feet,  and  a  probable  error  of  o'oso,  say  I's  per  cent, 
in  the  coefficient  (see  Horton,  Weir  THsifhar^es). 

The  diret  cases  for  heads  over  3  feet  give  C  =  3'3ii. 

Thus,  for  sharp-edged  weirs  with  complete  contraction,  Frands*  formula 
holds  up  to  H  =  47  feet  at  least. 

Flat-tiyped  Wdr^— Certain  cxpethnents  on  the  Ban  Doab,  ob.^  weir 
80  feet  long,  as  per  Sketch  iNo.  loS,  when  compared  with  rod  float  c^servaiions, 
gave  the  following  result : 

D,  varying  between  2'S  and  4'2  *«*■  . , 

Similar  experiments  on  other  weifs^of  the  same  section  gave  the  fbllowing 


I-  =  29  fe« 

C-3S! 

I.-!!   ,, 

C  =  5-S4 

I.-46   „ 

C  -  3-S8 

I. -50   ,. 

C  -  3'S9 

wilfaic  m  a  to  3  fset  per  second.    D,  ranging  in  each  case  from  3  to  3*5  feet 

Baiin's  experiiffnitB  on  similar  weirs,  but  with  a  slope  of  1:5,  in  place  of 
I  in  10,  Fbecked  by  a  standard  weir,  give  : 
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C  ^  y4ft  to  .3*45  in  the  equation 

Q  =  CL(D+-^''*,witb      .  . 

D  =  o-e  to  1-30  feet 
At  Cornell,  with  standard  weir  checking 

C  =  343  to  358  ' 

for  D  -^  3-63  feet  to  4*20  Gcet. 

Thus,  for  such  weiis,  the  value  C  ^  yyt,  may  be  cotuidered  as  wdl 
established. 

Chatterton  {ffydrauiic  Experiments  in  the  Kisttut  Detta)  worked  on  flat- 
topped  weirs  2  feet  wide,  with/  =  3  to  3  feet,  and  L  =  18  to  30  feet,  and  (bund 
by  canent  meter  observations  that : 

C  =  3'99  to  3'3i,  in  the  equation  Q  =  CLD'-',  with  D  =>  3  to  4'S  feet. 

The  higher  values  are  probably  affected  by  suppressed  contraction,  and 
for  a  weir  with  complete  contiaction  the  value  C  »  3*09  may  be  ad<^eil 

Chatterton  also  experimented  on  the  Kistna  Anicut  (see  Sketch  No.  177), 
\a  which  L  =  3,500  feet  approximately.     He  found  as  follows  : 

(i)  With  the  tail  water  below  the  crest : 


Q  =  3-13  LD  VD+0-035*' 
with              D  -  4-64  feet, 
fii)  Whh  the  tail  water  above  the  crest : 

Q  =  3-09L  UD+'*)'-''-A'n+C,WiVD+>i 
where  D,  is  the  difference  of  level  between  head  and  tail  waters,  and  rf],  is  the 
depth  of  the  tail  water  over  the  crest 
We  thus  get  the  following  table  : 

D,  Feeu 

rfi.  Feet. 

V,  Feet-seconds. 

c- 

C]  irom  the  FonnnJs 
4-9o+0-3af,. 

!       rn 
1       3->S 

3-6; 

6-i8 
4-48 

4-63 

4-!8 
3-73 

7;6s 

6-86 
6-05 

7-68 
6-93 
6-88 
609 

Lewis,  at  Rasul,  on  a  flat-topped  drowned  weir  (see  Sketch  No.  164),  3  feet 
wide,  with/=3  feet,  D=o7  foot,  (/i  =  S'S  feet,  found  a  discharge  equivalent  to 
that  obtained  by  putting  C,  =  6-57,  in  the  above  formula.  The  expression 
4'90+0'33if„  gives  6  66. 

In  the  case  of  flat-topped  drowned  weirs,  of  all  kinds,  it  is  therefore  probable 
that  the  above  formula  with  C,=:4'90-f  o^arf,,  is  not  very  for  removed  from  the 
correct  value  ;  and  that  Ct=8o2 if  i/i,  exceeds  10  feet  (see  p.  289). 

The  available  evidence  stems  to  indicate  that  in  the  case  of  sharp-edged 
weirs,  the  general  formulte  of  Baiio  or  Francis  may  be  applied  for  large  values 
of  L,  or  D,  without  any  serious  error. 

For  flat-topped  weirs,  the  theoretical  formula  : 
Q  =  3-o9LD'-" 


Digiized  by  Google 


I3X  CONTROL  OF  WATER 

is  probably  sufficiently  ftccnrate  ;  and,  if  drownod,  this  foimula  holds  for  the 
unsubmerged  portion  of  the  discharge,  and  the  formula  for  (^g,  already  given 
is  not  likely  to  introduce  serious  error. 

For  flat-topped  weirs,  with  an  apron  sloping  downstream,  the  fonnuU : 

Q=3-SoLD'-' 
appears  to  be  well  established. 

HoTton  (Wtir  Experiments,  Coefficients,  and  Formula)  suggests  that  the 
Francis  formula  is  probaUy  applicable  to  nearly  all  weirs  when  D,  is  large. 
The  experiments  tabulated  in  Horton's  book  may  be  advantageously  consulted 
when  determining  the  discharge  of  <^>:ee,  or  broad  weirs,  under  high  heads. 

Further  information  will  be  found  in  a  graphic  fonn  under  Diagram  Na  3 
(p.  1018).  The  statements  concerning  the  accuracy  of  the  diagram  and  the 
accompanying  sketches  must  be  carefully  home  in  mind.  While  I  have  found 
the  accuracy  of  3  per  cent,  which  is  there  stated  to  be  possible,  amply  sufficient 
in  my  own  practice,  1  believe  that  in  many  cases  the  tables  given  by  Horton, 
if  used  with  judgment,  permit  better  results  to  be  obtained. 
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CHAPTER  V 

DISCHARGE  OF  ORIFICES 

DiscHABCB  OF  Orifices.— Definiiioiu. 

Cavsss  of  the  Variation  of  C— Velocity  of  approach. 

CiRCDLAK  Okificbs. — Gcnccal  rules — Sluup-edged  orifice — HuniltoD  Snitb's  taUc — 

Critical  bead — Modon  eiperimenU  by  Bilton,  Jndd,  and  Strickland— Accuracr. 
TsiiFBiLATURS — Honiontal  orifices — Velocity  of  approach — Ranlcioe's  and  Goodman's 

SUUIBRGED  DlSCHAOCS. 

Pwtiallj  Siqiprened  Contnctlad.— Bidone's  formula.     . 

Bsuj-uouthbd  Orifices. 

CoxKAi.  CoNVBRGina  TuBBS. — With  rounded  edges. 

Cylindrical  Movthfibcbs  projecting  Outwards, — Unwin's  theoretical  formula — 

PiBctical  rule — Pulsatory  flow. 
Cylindrical  MovrnpiacBS  projecting  Inwards. — Borda*!  and  Bidone'a  mouthpieces. 
Fountain  Flow  from  Vbitical  Pipbs. — Weir  and  jet  di«char|;e. 

DiSCHAKGB    OF   WATBB    THKOUCH    OKIFICKS   OF    OTHBR    THAN    ClBCDLAR    FORM.— 

Approximate  rales  lot  square  or  rectangular  orifices — Application  for  poiposes  of 


SqoAR*  Orifices,- Hamilton  Smith's  uble—Rectangnlar  orifices— Fanning's  table— 

(leneial  rule — Strickland's  valuei — I^rge  sixes. 
Stipprced  Contnctiaiu. 
Oripicms  with  prolonged  Bousdaries. 
SvBMRRGBD  Orifices. 

OVFKES  OF  OTHER   THAN  ClECULAR  OR   RECTANGULAR  FORU. 

L4KGE  Orifices. 

SlDiCRS  AMD  Gatrs. — Bornetmuui's  eiperimeats — Benton's  experimems — Cbatlerhai's 

experiments. 
IfON-cutcULAM  Orifices  under  Large  Heads. 

SYMBOLS. 
>i  b  the  ana  of  the  orifice,  in  iqowe  feet. 
C,  it  Uie  ooeffident  of  distjiar^  of  the  orifice. 
'c,  a  the  coefficient  of  contraction  of  the  orifice. 
>■•,  i*  the  coefficient  of  velocity  of  the  orifice. 
C|,  or  C<,  is  the  coefficient  of  discharge  of  a  partially  inppretsed  orifice,  ot  of  an  orifice 

Mb^  to  velocity  of  ai^roach. 
5»_(iee  p.  I4J). 

■>  u  the  vertical  height  of  the  orifice,  or  the  diametei  of  a  circular  orifice. 
',  is  ilso  the  diameter  of  a  pipe  connected  with  the  orifice  when  this  is  equal  to  the 

diameter  of  the  orifice. 
D.isthediameteiDf  the  fountain  pipes,  in  feet  (seep.  152). 

'•is  the  thickness  of  the  walls  of  Che  metal  tube  foimmg  a  Boida  mouthpiece  (seep.  Ijl). 
J,  is  the  head,  in  feet,  meaiuied  to  the  centre  of  the  orifice.     H,  is  used  for  h,  m  those 

equations  in  which  d,  is  measured  in  inches, 
"i.  and  li^  are  the  depths  of  the  top  of  a  submerged  rectangular  orifice,  below  head  and 

taU  water  levels. 
^,  is  the  effective  bead  =  A,  -  ^,  for  a  submerged  orifice. 
H^  and  Hi,  are  the  depths  below  head  water  level,  of  the  top  and  bottom  of  a  large 

niuubmerged  rectangular  orifice. 
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k,  a  the  vertical  height  of  a  rectu^lu  orifice. 

/,  is  the  length  <A  (he  lube  fonaioe  the  mouthpiece  of  an  orifice. 

m,  is  the  length  of  the  portion  of  the  perimeter  of  the  orifice  o" 

wholly  or  partially  suppressed. 
n   is  the  ratio  "iameter  of  channel  of  approach 

Diameter  of  orifice 
p,  is  the  perimeter  of  the  orifice. 
Q,  is  [be  discharge  of  the  orifice  in  cnsecs. 
u,  is  the  velocity  of  approach,  in  feet  per  second. 
V,  is  the  veioatj,  in  feet  pet  second,  at  the  smallest  area  of  the  jet  issuing  from  the 

_  onfice. 
w,  is  the  horizontal  width  of  a  rectan^lsi  orifice,  in  feet. 

SUMMARY  OF  EQUATIONS  AND  FORMULA 

Velocity  erf  efflux :  /"  =  '^''  "^  *•=*»  P*'  second. 

\f,=  o-97too-99. 
Discharge  i    Q  =  Co  V^  cosecs. 

Correction  for  velocity  of  approach,  orsappresdon  of  contraction.     Q  =  C^iiVv^  cmecs. 
CiRcuLAa  Orificks: 

Sharp-edged:     Q  =  4-90 J*    (see Table,  p.  14a). 
Bell-mouth:     Q  =  ^-Son/a    (see  Table,  p.  147}. 
Tubular,  projecting  outwards  :     Q  =  6'5a  Vii. 
Tubular,  projectina  inwards  -  / '"'  Borda.      Q  =  \-3a  ^h. 
Mb)  Bidone.     Q  =  61  Vi. 
Qicular  oriiices,  sharp-edged ; 

C  =  oS9Sa+.-^^^ [tncbJ 

n'''  ^/H  (see  p.  144) 

Lorrection  for  velocity  of  approach  : 


<=-rt{-&)"} 


.rC,= 


Va-6an*- 


Correction  for  partial  suppression  of  a 

C.=C(,+„„8|).  ^ 

Submerged  Discharge  :    Q  —  Cayixghn. 

Values  of  C  -Jig,  are  on  Ihe  average  I  per  cent,  less  than  those  given  above  (sec  p.  146). 
Fountain  Dischai^e  i    Q  =  5  dO*  -Jl  (see  p.  1 5a). 
Rbctangular  Orificbs: 

Sharp-edged  :     Q  =  4-8  to  tfi4l  (see  p.  154). 

Contraction  suppressed  on  three  sides !    Q  =*  S'3  to  57<i,^  (see  p.  158), 
Thick-WBlied  orifices  :     Q  =  6  to  6-4  a-4h. 

Square  orifices:    C  ^Q-SoS-t- /^'^   - I'""*"! 

'^     V^VH  (seep.  156) 

Sluices— (i)  Submerged  r  _____ 

(a)  Bomemann  :    Q  -  Ci»*^^(i,_i,  +  ?d)    (  see  p.  .65). 
With  a;  =  3  feet. 

C  =  0-664 +  0053-:^. 
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C  =  0S4i  +0-I5 

(*J  BeotOB :    Q  =  Cmt-JafA^. 

C  »  o<730i  +  0.0074s'    (Me  TMe,  p.  167), 
WCbattertoo!    Q  =  Cw*s/^, 

C  =  o-83-oiii,     (seep.  168). 
frij  Unsabme^ed:    Q=5-0Stt.{H,'-«-H,'-»). 


OiscHARGE  OF  Okifices.— For  simplicity's  sake,  let  us  consider  an  orifice 
under  a  constant  head,  which  is  the  same  at  all  poinU  in  the  area  of  the 
orifice. 

The  pressure  at  the  orifice,  if  it  were  closed,  being  that  corresponding  to 
*,  feet  of  water,  the  theoretical  velocity  of  efflux  of  water  through  the  orifice  is 
given  by : 

Thus,  the  quantity  discharged  should  be : 

Q=aTea  of  orificexv'sAM'i^ 

Actually,  we  find  experimentally  that  the  m&iumum  vdocity  attained  near 
the  orifice^  (so  that  the  question  of  free  fall  may  be  neglected)  is  never 
quite  V^A.  but  is  represented  by  : 

•here  c^  is  "near  to  o"97"  (although  modern  results  for  sharp-edged  orifices 
indicate  0-98  to  0-99),  and  is  termed  the  velocity  coefficient.  Also,  at  the 
pmnt  where  this  velocity  is  attained  the  area  of  the  jet  is  not  equal  to  that  of 
the  orifice,  but  is  equal  to  the  area  of  the  orifice  multiplied  by  Cc,  where  Cc,  is 
termed  the  coefficient  of  contraction,  and  for  3  sharp-edged  circular  orifice  is 
not  £u  off  o'63.    We  thus  get  for  the  quantity  discharged  : 

Q=e«xtheoietical  velocityXCsxarea  of  orifice 

where  C=s,*^  and  is  termed  the  coefhcient  of  discharge  of  the  orifice. 

The  above  is  a  summary  of  the  explanation  of  the  question  usually  given. 
1  assume  that  it  lends  to  elucidate  the  subjea,  since  it  bears  little  relation  to 
Ihe  physical  facts. 

It  is  possible  to  measure  f,,  and  Cr,  for  a  circular  orifice.  It  is  also 
absolutely  certain  that  c^  cannot  be  measured  with  any  degree  of  accuracy  for 
any  other  orifice,  and  that  c,,  can  only  be  defined  by  referring  it  to  the  mean 
velocity  over  the  area  of  the  jet. 

Sketch  No.  36  shows  the  cross-section  of  jets  from  circtJar  orifices  of 
various  diameters,  and  is  taken  from  a  paper  by  Messrs.  Judd  and  King 
{American  Assoc,  for  Advanctmtnt  of  Science,  1909)  with  the  addition  of 
Baiin's  general  contour  (Recherc/us  Hydrauliques). 

For  orifices  of  any  cross-section,  other  than  circular  in  form,  the  shape  of 
the  jet  is  very  complicated,  and  can  only  be  described  as  longitudinally  ribbed, 
ud  swollen  at  regular  intervals. 

These  forms  have  been  studied  by  many  experimenters  (particularly  by 
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RayleiKh,  Proc.  Roy.  Soc,  vol.  29),  but  they  concern  ent^eers  only  in  so 
for  as  they  afford  p{oof  of  the  impossitulity  of  measuring  Ce,  with  any 
accuracy. 

Practically,  the  coefficient  of  discha^e  C>  is  the  important  figtne  (except 
occasionally  Ct,  for  such  matters  as  Pelton  wheels).    I  shall  therefore  in  future 


brsdius  of  orifice. 


call  C,  the  coefiicient.    As  will  later  appear,  Ct,  possesses  a  certain  somewhat 
limited  theoretical  importance. 

It  is  stated  in  many  text-books  that  when  A,  is  less  than   ^d  (where  i, 
represents  the  vertical  height  of  the  orifice),  more  accurate  formulx  than 

Q=C  area  -Jigk 
can  be  obtained  by  considering  the  variation  in  the  pressure  from  point  to  point 
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of  the  orifice.  These  fonnulse  are  complicated,  and  the  theory  upon  which 
ther  rest  is  of  doubtful  accuracy.  1  have  altered  the  figures  (wherever  they 
have  been  employed  by  experimenters)  so  as  to  cause  the  simpler  formula  to 
be  applicable. 

C.<[/j'£^0jrf^XM7'/£>A'i?^C.— Boussinesq  has  proved  mathematically  that  C, 
is  constant  for  all  cases  hitherto  investigated.  (For  a  very  excellent  pr&is  see 
Boulanger,  "  Hydraulique  Gdneraie.")  We  find  by  experiment  that  C,  varies 
somewhat  both  with  h,  and  a.  These  variations  are  most  marked  when 
A,  and  a,  are  small,  and  this  is  especially  the  case  when  both  are  smalL  As 
ihey  increase  C,  lends  to  become  constant,  and  (in  cases  hitherto  investigated) 
this  constant  value  is  slightly  less  than 
that  obtained  theoretically. 

1  therefore  believe  that  true  con- 
stant values  exist  for  C,  and  that  the 
divergences  occurring  at  low  heads 
and  for  small  siies  of  orifices,  are  due 
to  extraneous  influences,  such  as  vis- 
GOtity,  capillary  adhesion  at  the  edges 
of  the  jet,  and  also  (very  probably)  to 
errors  in  workmanship  due  to  the 
difficulty  of  making  a  small  orifice 
which  is  truly  "sharp-edged"  under 
small  heads. 

Sketch  No.  37  abo  shows  how 
(when  the  head  over  the  orifice  is 
small)  the  measured  head  may  differ 
from  the  head  producing  the  velocity 
at  the  vtna  contracta,  or  area  where 
the  velocity  is  a  maximum. 

For  this  reason,  I  have  in  some 
cases  added  the  supposed  constant  value  towards  which  C,  tends,  as  h,  and  a, 
increase. 

VSLOCiTV  OF  ApPSOACa.—'nueai^acaMy  speaking,  if  the  water  flows 
towards  the  orifice  with  a  velocity  u,  we  have  : 

so  that,  Q=CaV'2i{*+^) 

As  a  matter  of  fact,  the  most  useful  expression  is  : 
Q  =  C,a  i/lgk 

I  shall  later  discuss  this  equation  as  applied  to  several  particular 
cases. 

Circular  Orifics. — General  Rules.— CoasiAtxa,  circular  orifice,  and  in  future 
define  A,  as  measured  from  the  geometrical  centre  of  the  orifice  to  the  surface 
of  the  water  above  it.  The  following  uble  of  Bellasis  gives  a  general  idea  of 
the  appraximUe  values  of  C,  for  various  forms  of  the  orifice.  The  values  are 
selected  as  leading  to  a  first  approximatioD  to  the  sice  of  orifice  required,  and 
e  work  they  should  be  corrected  by  the  rutes  given  hereafter. 
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Skrtch  No.  37.— Eflect  of  Suifiue  Con- 
ttaction  on  the  Head  observed  over 
■n  Orifice. 
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Slietch 

Dwcription. 

Remarks. 

C. 

'. 

'• 

Fig.  No. 

Orifice  in   a   wall   whose 

Theoretical 

0-607 

edges    are   so    thin    in 

value 

comparison     with     the 

Fair    average 

0-61 

0-63 

0-97 

head  and  the  diameter 

for  h,  about 

of  the  orifice  that   the 

I  to  6  feet;  d. 

jet   sprii^    clear    and 

about  o'o;  to 

does  not  wet  any  portion 

o-ao  foot 

of  the  boundary  of  the 

Constant  value 

0598 

...    . 

orifice 

to  which  C, 
tends 

2 

Bell-mouthed  tube  shaped 

097 

i-o 

0-97  t 

so  as  to  conform  to  the 

shape  of  a  free  jet  aa 

per  Fig.  36 

3 

Conical  convergent   tube, 
measured  on  small  end 
of  cone,  values  accord- 
ing to  angle  of  cone  up  to 

Fair   average, 
say, 

0-94 
0-90 

0-98 

o-y(,\ 

4 

Cylindrical  tube,  length  not 
more  than  three  times 
the  diameter 

o'8> 

i-o 

0^1 

S 

Ditto.,    projecting  in- 

Theoretical 

i' 

0-707 

wardly,    with    jet    ad- 

hering 

Bxperiioental 

o;5 

075 

1*0 

6 

Ditto.,      ditto.,   with   the 

Theoretical 

i 

1 

jet  springing  clear 

Experimental 

oji 

o-5« 

098 

7 

Divergent    conical    tube; 

Varies,  Bel- 

1-46 

calculated   for   area   of 

lasis'  sugges- 



the  smallest  section 

.tioi. 

Sketch 

Divergent  bell-mouth; 

3-0 

i-o 

2-0 

No.  40. 

ditto. 

1 

The  values  of  c,  are  probably  somewhat  less  and  those  of  Cc  proporticmately 
greater  than  the  truth,  c,  was  obtained  by  observing  the  path  of  the  jet  and  i^ 
therefore  affected  by  air  resistance,  and  given  for  use  in  similar  calculations  only. 

All  these  figures  refer  to  orifices  in  a  vertical  plane.  Where  the  orffices  are 
in  a  hbriiontal  or  inclined  plane,  the  figures  are  not  appreciaUy  ^dteted,  but 
the  head  should  usually  be  measured  from  the  centre  of  the  jet  at  the  poini 
where  it  first  springs  free  from  the  waits  of  the  tube  or  <mfice. 
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Skafp-t4e*^  Orifiets- — An  orifice  is  defined  as  shaTp^ged  when  its  edge* 
are  so  tfain  that  die  jet  springs  free  without  wetting  tbeia.    The  i 


SXBTCH  No.  38.— Tyjrical  Fonns  of  OriBces. 

tbarpnei*  required  entirely  depends  upon  circumstances.    For  example,  Bilton 
\,Prae,  of  Victoriait  Inst,  of  Enginttrs)  found  that  for  holes  ^^tb  of  an  inch  in 
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diameter,  a  thickness  of  D'005  inch  was  necessary.  Whereas  for  orifices  say 
6  indies  across,  under  a  head  exceeding  4  feet,  -^ih  of  an  inch  plates  are 
sufBciently  thin.  For  orifices  2  feet  square,  under  a  head  of  20  foct,  angle  irons 
3  inches  thick  act  like  sharp-edged  plates. 

Now,  let  k,  be  the  head  in  feet,  measured  from  the  still  water  surface  to  the  . 
centre  of  the  orifice. 

Let «  be  the  area  of  the  orifice  in  square  feet. 

The  discharge  in  cubic  feet  per  second  is  given  by : 

Q  =  S'oi  CaV^  where  8-o3  is  a  mean  value  for  ^j^g 

Hamilton  Smith  {Hydraulict,  p.  59)  gives  the  following  table  for  vertical 
orifices,  discharging  into  air  with  complete  contraction.  His  original  figures 
have  been  modified  where  necessary,  in  order  to  permit  the  use  of  the  above 
formula  in  all  cases. 

We  may  also  add  the  experiments  by  EHis  {Tram.  Am.  Soc.  p/C.E.,  vol.  5, 
p.  19)  on  an  orifice  2  feet  in  diameter,  which  indicate  that : 

C  =  0-588  for  k  =  177  feet,  rising  to 

C  =  0-615  for  h  =  9-64  feet. 

At  first  sight  these  results  appear  to  be  high,  but  as  Hamilton  Smith  pomis 
out,  contraction  was  slightly  suppressed,  so  that  our  present  evidence  justifies 
the  assumption  that  the  values  ior  d  =  i  foot  hold  for  larger  orifices. 

The  figures  given  in  this  table  were  considered  to  be  liable  to  i  or  3  units 
error  in  the  third  place  of  decimals  ;  but,  unfortunately,  later  e^eperiments  do 
not  altogether  confirm  this  view. 

The  most  careful  work  is  that  by  Bilton  (jtt  sufira),  supplemented  (for  heads 
exceeding  8  feet)  by  the  accurate  work  of  Judd  and  King,  and  Strickland. 

The  following  statements  appear  to  be  correct  for  diameters  up  to  0-30  foot 

In  orifices  of  less  than  o-ao  foot  in  diameter,  contraction  is  never  complete 
(due  to  viscosity  and  capillary  actions) ;  but  for  heads  exceeding  a  ceitain 
magnitude  the  coefiBcieni  of  dischai^  is  constant  Below  this  value  it  in- 
creases.   This  value  is  termed  the  critical  head  (see  p.  144). 

The  following  table  is  given  by  Silton  («/  ntprd) ; 


DiAHBTBR  OP  OrIFICK  IN  INCHES. 

Head  in 
Inches. 

1 

1 

I 

' 

H 

' 

*i 

J 

0-68J 

0-663 

3 

0 

680 

0-65; 

0-646 

0-640 

6 

0 

669 

0-643 

0-633 

0-636 

o-6i8 

o-6ia 

o-6io 

9 

0 

«6o 

0637 

0-633 

0-619 

0-612 

o-6o6 

0-604 

6S3 

0-630 

0-6 1 8 

0-6I3 

o-6o6 

0-601 

0-600 

17 

0 

64s 

0-634 

0-614 

0-608 

0603 

OS99 

0-598 

18 

0 

643 

0-633 

0-613 

0-608 

0-603 

o"599 

0-598 

33 

0 

638 

0-681 

0-613 

o-6o8 

0-603 

0-599 

0-598 

45 

0-6285 

0-63I 

0-613 

0-608 

0-603 

0-599 

0-598 
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For  orifices  smaller  than  \  inch,  the  criticiil  head  increases  more  npidly, 
and  so  does  the  constant  or  nonnal  coefficient  for  hexds:  greater  than  the 
critical. 

Bilton  tabulates  as  follows  : 


Cri  ti  cah 

head     in  I     65       55         45       33        25      23-5       30         18        17 

inches .    J 
Normal    co-i    ^^        ^^j        ^^g    ^^^    ^^^    ^.^^^    ^^^^    ^       ^.^^ 

efncieDt    .) 

Bilton's  work  was  extraordinarily  accurate,  bat  did  not  extend  to  heads 
exceeding  100  inches. 

Judd  and  King  (u/  suprei)  experimented  with  beads  varying  from  4  feet  to 
80  or  100  feel.    They  find  as  follows  : 

Inch.  [nch.  Inch.  Inches.  Inches. 

Mean  valaeof  C=o-6iii  0-6097         0-6085         0*6083  o'S9S^ 

The  individual  valties  show  slight  variations,  indicating  a  rise  as  the  head 
increases ;  but  the  variation  is  probably  well  widiin  the  limitE  of  observational 
error. 

Strickland  (Froc.  Canadian  Soc.  of  Civil  Engineers,  1909,  p.  183),  findi  that 
for  circular  orifices  less  than  3  inches  in  diameter,  under  heads  of  from  i  to 
20  feet : 

'=-'■■"«+ -SVlft ['"^1 

where  H,  is  the  head  in  feet,  and  it,  the  diameter  in  inches. 

Mair  {P.I.C.E.,  vol.  84,  p.  424),  for  orifices  of  I  to  3  inches  in  diameter, 
under  heads  firom  0-75  foot  to  2  feet  finds  that : 

C=o-6c.7S+^5^-ooo37rf [loehei] 

I  do  not  consider  that  a  more  accurate  pre»entment  of  the  subject  is  likely 
to  be  attained.  All  experimenters  remark  that  while  it  is  quite  easy  to  get 
regular  results  for  the  same  orifice  discharging  under  various  heads,  it  is  very 
difficult  to  constract  a  duplicate  orifice  which  will  yield  the  same  value 
ofC. 

It  appears  that  small  differences  in  the  condition  of  the  edge  of  an  orifice, 
such  as  are  hardly  appreciable  under  a  microscope,'  are  ^n  the  case  of  orifices 
of  less  than  3  inches  in  diameter,  at  any  rate)  quite  sufficient  to  produce 
such  variations  in  the  value  of  C,  as  0-002,  or  0003  (see  especially  Maii^ 
remarks). 

The  effect  of  similar  differences  may  be  traced  in  the  value  given  by 
Judd  aikd  King  for  a  2i-inch  orifice.    Bilton's  values  appear    to   be   free 
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iroin  sucb  irr^nlarities,  so  that  fats  wortonuiship  must  have  been  uniubally 
gwxl. 

We  may  therefore  state  that  in  orifices  of  this  size,  the  errors  in  workman- 
ship (not  in  measurement)  daring  construction  are  more  important  than  the 
errors  of  good  observations.  Thus,  for  orifices  less  than  o'lo  foot  in  diameter, 
vc  may  consider  that  the  values  stated  by  Bilton,  or  Mair,  for  small  heads,  and 
those  given  by  Judd  and  King,  or  Stridcland,  for  larger  heads,  will  probably 
peimit  the  discharge  to  be  calculated  with  an  accuracy  of  0*3,  to  0-4  per 

In  the  case  of  larger  orifices,  the  table  drawn  up  by  Hanulton  Smith  gives 
the  best  avtulable  information,  but  is  probably  subject  to  errors  of  1  per 
Mat 

It  may  also  be  remarked  that  all  modem  experimenters  find  that  c,  •=  0-99, 
or  even  o'999.  The  difference  from  the  older  work  is  entirely  due  to  the  fact 
that  in  modem  practice  €„  or  c„  are  measured  directly.  In  older  work,  c,,  was 
obtained  by  observing  the  path  of  the  jet,  and  was  in  consequence  diminished 
by  ait  raustance.  - 

TsMPSXATVSE. — The  effect  of  the  temperature  of  tbe  water  on  C,  is 
priacipally  due  to  the  diminished  action  of  capillarity.  We  may  consequently 
□msider  that  it  will  be  most  marked  at  low  heads,  and  with  small  values 

DfdL 

HamiltDn  Smith,  with  </=>o'o2  foot,  found  that  C,  was  diminished  to  the 
trtent  of  I's  per  cent,  by  a  rise  from  4S  degrees  to  130  degrees  Fahr. 

Unvin,  with  ^=0-033  foot,  found  that  C,  diminished  to  the  extent  of  i  per 
cent  by  a  rise  fhMn'6i  degrees  to  30;  degrees  Fahr. 

It  can  hardly  be  said  that  any  diminution  has  yet  been  measured  in  the  case 
of  Eaigei  diameters,  although  some  diminution  probably  occurs. 

HorUental  Ori/uxs.  —  There  is  no  certain  evidence  to  show  that  a 
horinntal  orifice  has  a  C,  differing  from  that  of  a  vertical  orifice  of  the  same 
nteonder  the  tame  head.  Bilton's  results  for  heads  greater  than  the  critical 
an  generally  obtained  on  horizontal  orifices.  He  also  observes  orifices  inclined 
u  4S  decrees  discharging  upwards.  Where  all  three  cases  do  not  give  identical 
nlues,  the  differences  are  so  small,  and  are  so  irregular,  as  to  suggest  that  they 
ue  entirely  due  to  errors  oi  observation,  and  they  certainly  ^1  within  errors  of 
voricmaaship. 

Efftit  of  Velocity  tf  Abroach. — Consider  a  circular  orifice  in  a  diaphragm, 
at  tbe  end  of  a  circular  approach  channel.  Let  tbe  ratio  of  the  diameter  of  the 
approach  channel  to  tbe  diameter  of  the  orifice  be  n.  Rankine  gives  a  formula 
for  Cq  as  foUowi : 


7.-^/^ 


■61S— — -—        whence  Ci=-, 


since  be  appears  to  have  deduced  these  values  from  observed  coe£5cients  of 
<fischatge,  tmder  tbe  assumption  that  e,=o-ij^. 

Goodman  {Bngituering,  March  li,    1904),  by  a  method  which  is  partly 
nperimental  and  partly  mathematical,  obtains : 

to 
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Witluthe  assamption  that  e,=Q-if],  wt  get  the  following  taMe  : 


.. 

C  from  lUnlcine. 

Ci  from  Goodman. 

I 

0-6S2 

0-645 

0-62I 

o'6a2 

<J-6[2 

0-615  ■ 

5 

0-607 

o-6ii 

0-605 

S 

0-603 

o'6(J9 

lO 

Q-601 

0608 

lOO 

0-600 

o-6o6 

For  ori6ces  where  Hamilton  Smith's  coefficient  corresponding  to  conpleU 
contraction  (i.e.  »=^ioo)  diflers  from  the  value  0606,  we  may  profMHtianally 
increase  or  decrease  the  coefficient  for  other  values  of  n. 
The  difference  between  the  values  given  by  Rankine  and  Goodman  for  *'=2, 
pnitebly    arises    from   the 
&ct    that    Rankine    takes 
accoont     of     the     partial 
snppresiion   of  contractioD 
which  occurs,  which'  Good- 
man's theory  neglects. 

Where  the  approach 
channel  is  not  circnlar,  we 
take  M*,  as  equal  to  the 
%  ,  Area  of  diannei  ^ 
Area  of  onfkc ' 
if  any  portion  of  the  borden 
of  the  channel  and  ohlke 
are  close  together  (say 
neai«r  than  3^  a  certain 
increase  must  be  allowed 
for  the  partial  suppression 
of  contraction. 

SUBittBKGEn    Dis- 
charge (Sketch  No.  39).— 


mdhaiadapivlisiimtAif^    Th"  appropriate  formula 
consielardi 


where   kg^ 


Sketch  No.  39.— Submerged  Orifice. 


represents    the 
the  level  of  (be 
water    sur&ces  above  and 
below  the  orifice,  correaed 
if  necessary  for  differences 
in  the  pressure  of  the  air  above  the  water  if  the  reservoirs  are  dosed. 

For  sharp-edged  orifices,  when  the  jet  discharges  into  water,  the  coefficient 
of  discharge  appears  to  be  diminished  by  about  0-5  per  cent,  at  high  heads,  wxl 
up  to  3  per  cent  at  low  heads,  from  the  coefficient  appropriaie  to  the  effective 
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head  ht  %  an  equal  diminution  is  believed  to  occur  in  other  types  of  orifices. 
Italsoappears  that  this  difference  diminishes  as  the  area  of  the  oneceincreaseS) 
the  figures  given  corresponding  to  rf=o-ao  to  0-30  foot,  but  there  is  a  great  deal 
of  uncertainty  on  this  matter-  I  believe  that  the  uncertainty  is  expl^ned  by 
the  difficulties  of  correctly  measuring  the  elective  head  owing  to  waves  set  up 
in  the  lower  reservoir. 

Partiallj  Si^preaaed  Contraction. — Since  the  difference  between  the  area  of 
the  vena  conlTacta  of  the  jet  and  the  area  of  the  orifice  is  caused  by  the  coti- 
vergence  of  the  streams  of  water  approaching  the  edge  of  the  orifice  from  the 
interior  of  the  vessel  m  which  the  orifice  is  made,  any  border  or  thidiening 
of  the  edge  of  the  orifice  will  partially  prevent  this  convergence,  and  will 
cmsequently  increase  die  value  of  Cp  Orifices  thus  situated  are  said  to  have 
"partially  sup^ressbd  contraction.'' 

Bidooe  (see  Unwto,  Emy.  Brit.,  article  on  "  Hydraulics  ")  states  that : 


=o^3(  1+0*138 -^J 


where  -^'  is  the  ratio  the  Imgth  of  the  periineter  over  .»rfiich  contraction  is 
suppressed  bears  to  the  total  perimeter  of  the  orifice.  I  have  been  unable  to 
trace  the  reference,  but  Bidone  experimented  on  small  orifices  only.  The 
(bmiula  is  known  not  to  be  very  reliable,  but  the  value 


c(.,+o-,28|) 


ony  be  used  in  default  of  anything  better,  where  C,  represents  the  coefficient 
<rf  discharge  for  an  orifice  with  complete  contraction,  of  the  same  size  and  under 
the  same  head- 
In  cases  where  the  border,  or  thickening,  which  suppresses  the  contraction 
does  not  coincide  with  the  edge  of  the  orifice,  no  formula  can  be  given.  The 
ratios  given  under  "  Weirs  "  form  the  only  available  information,  and  the  results 
thus  obtained  are  probably  not  all  accurate. 

BELt--itoaTHED  Orifices, — Sketch  No^  40  shows  the  dimensions  usually 
given  as  appropriate.  Reference  to  the  actual  forms  of  the  jets  as  given  in 
Sketch  No.  36  shows  that  the 

form   should   vary  with  the  l^ /•P^/j  — 

diameter  of  the  jet,  bw  that  '--  — -■ idi— 

the  above  fonn  is  correct,  or 
nearly  so,  for  a  diameter  of 
i\  inches.    For  greater  dia- 
meters it  is  probable  that  a 
somewhat  larger  ratio  of  ex-  ^^_^_______^__ 

pansion  and  a  shorter  length  [^  /V 

may  be   correct      However,  "' 

bell    mouths    of  the    above  Sketch  No.  40.— Bell-mouih  Orifice. 

proportions  up  to  4  feet  in 

diameter,  were  employed  at  Stunes  with  very  satis^taiy  results.    Weisbach 

gives  the  following  table  : 

k    0-66  1-64  11-48  55*77  337*93  feet 

C    0-959        0-967  6-975  0-994  0994 
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Experiments  caxried  out  ax  Amritsar  with  a  piobable  etror  of  0*4  per  cenL 
coDluined  ^is  tabte  up  ta  5-x)-feet  head  on  a  1^11  ;iii>uUi  6  inches  in  diajpetei. 

CoiriCAZ.CoNVfiMqiSG  Tubes.— Th^ioVomag  table  is  given  by  Castcl 
{AttKfUt  del  Mints,  1^38),  where  C,.  is  referred  to  the  area^f  the ,  smallest 
section  <sec  Sketch  *No.r38,  Fig.  3)  : 

For  i/=o-o5o8j  Foot,  and  a  Length  of  Tob»  bQoai,  to  a*6rf. 
Angle  of  conve^ence  . 


in      d^rees     and 

.uinuttt       .        .,  ,     0°          i°36'     :ixf>  .,,  ,4'io' 

.       C=^o;^J9^    Q-866     01895     o-giS: 

5-26' , 
0-924 

7-51' 
0-931) 

.       rt  ^                    8'58'       «o°3o'     n°4,'       i!3°a4' 
C  =  o-934      0938     o-*4«     094^ 

,l4'rf' 
or9*i 

16-36' 

■'-  ^,-                     19-28' ■    2 fo'      ijV-    »9'5tf 
0  =  0-924      0-919    0-914     0-895 

4o'«o' 
0*870 

48*50' 
0-84T 

For  d=voyA%  Foot,  /=j-3<£ 

Angle  "of  convergence  in' 

dqpree»and  minutes  .        9°i4!     ,    lo'aS'      12*42' 
,    .      ..                              0=0-939       0-946       0-951 

1,6-02% 

0-940 

i9°o6' 
.0-9^6 

For  rf=oo6s6  Foot,  l=vyL 
Angle  of  convei^ence  in 
d^;rees  and  minutes  .         3-50'        5*26'        6*54* 


C  =  0-914      0^30 

0-938 

0-945 

0-9S 

„                        13V      >S'o«' 
C=o-956       0-949 

rS-ro' 
0-939 

»3'04', 
0-930 

33'S 
0-9JC 

T-oR  <t=.<y<j6<fi  Focrr;  /=5A 

Angle  of  convergence  in 

degrees  and  minutes  .         ii°$2'      r4°i3' 
C-0-96S       0-95S 

.6-34' 
0-951 

The  heads  varied  from  984  feet  down  to  0-66  fb*t  and  C,  incnased  very 
slightly  for  the  larger  heads.  It  is  doubtful  whether'the^e  experiments  aM  as 
reliable  as  they  appear.  Taking  them  at  their  face  value,  we  migld  predict 
better  results  for  lat^r  tubes,  and  this  is  confirmed  by  HftmiltOn  Smitt's 
results  of  C<^o-986to  1*04,  under  heads  of  300  feet  approximately,  nirdi 
/=o-83  foot;  and  ^=0-053  foot  to  O'loi  foot. 
1  consider  that  better  results  are  obtained  by  calculating  the  coefficient  as 
for  a  cylindrical  tube,  and  correcting  for  skin  friction,  by  the  rule  given  (Hi 
pageSi. 

In  Castel's  experiments,  the  cone  has  a  sharp  inner  angI,eL    Wben  this  u 
rounded  off,  and  /=3fli  Unwin  (Hydraulics)  states  as  follows  : 


.  Angle  of  convergence  of  sides    .  o*  5*45' 

C  =  o-97    ■    0:95 


,450         90^0 
075   ,   .^'H 
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CVUHDRKAL    MOUTHFIXCSS  FXOJECTtl/G   OUTWARDS.—'DX  dM£hu^ 

in  such  cases  is  greatly  influenced  by  die  fonn  of  the  comers  of  the  jnuGtiaa  of 
the  mouth^ece  and  the  reservoir.  If  these  are  sharp  and  rectangular,  the 
discharge  of  the  orifice  is  the  same  as  that  of  a  sharp-edged  orifice,  provided 
thatihe  length  of  the  mouthpiece  does  not  exceed  fj  time  its  diameter.  If 
this  length  is  exceeded,  the  issuing  jet  first  contracts  in  a  manner  very  similar 
K)  a  jet  from  a  sbaTp>«dfBd  oriflce,  and  then  expands,  and  adheres  to  the  rides 
of  the  tube  (Sket**- No.  38,  Fig.  4). 

The  case  should  be  theoretically  investigated,  in  order  to  produce  the  best 
resnlis. 

Unwin  f^ves  the  following  equation  : 

»here  Cc,  is  tht  codfficient  of  contraction  foi'  a  sharp-edged  orifice.  From 
this,  taking  the  Approximate  value  of  Cr,  as  equal  to  o'6o8  (not  0*64  as  Unwin 
^'>^\  we  get  £b^o'S4o  ;  and  in  this  case  iv,  is  probably  very  nearly  equal  to  C. 

Castel  (as  already  stated)  finds  that  C=o'a29,  which  would  correspond  to 
(■t-o'S99,  which  is  a  lower  value  than  is  probable.  The  diflerence  between 
theory  and  experiment  can  possibly  be  e^qilained  eitiwr  by  friction,  or  by  the 
small  siie  of  Castcl's  orifice,  which  may  cause  Cq  to  have  a  value  difiTciing 
fn>roo'6o8. 

The  full  tboory  would  indeed  show  that  in  a  length  equal  to  therdiameter 
of  the  pipe,  a  head  equal  to  —  —,  is  lost  in  skin  frictionf  if  v=^'^ri  be 

usomed  as  the  fdction  equation  of  the  pipe. 

The  velocity  would  thus  be  diminished  by  at  least  I'Sper  cent.>  assuming 
that  the  water  is  in  contact  with  the  pipe  only  over  the  length 

KH  =  rirf=(a-6-rsy. 
This  correction  will  brii^<  theory  and  experiment  into  almost  exact  agreement, 
the  value  0(140  being  reduced  to  0-827  (see  Sketch  No.  41). 

Thus,  I  believe  that  iat  pi{>es  of  lengths  greater  than  v^d,  Unwin's  formula 
widi  cfo-aoS  (as  capillarity  does  not  now  influence  the  value),  corrected  for 
the  friction  of  a  lengdi  of  pipe  equal  to  the  actual  length  minus  a'8  to  1*51^  will 
give  better  results  than  any  experiments  which  are  not  specially  carried  out. 

The  formula  proJMMed  is  tlwrefore : 

X-igc*^      Cp'd      J 
where  Cp,  is  the  coefficient  in  the  pipe  equation  v^C,  ./n,  appropriate  to  the 
site  of  the  pipe  (see  p.  437).    The  discha^e  is  Q=^v. 

The  resemblance  to  the  usual  pipe  discha^e  formula  is  obvious.  "With  the 
figures  alxady  givco  we  find  that  -^=  1-45.    Experimental  figures  are  raie,  and 

in  large  [Hpcs  the  difficulties  discussed  on  page  4i4>  probably  manifest  them- 
selves. To  Castel's  result  may  be  added  those  of  Weisbach,  with  /=  yi,  as  follows :' 

■    4i,  eqittl  to  otoja        o-oCd        0-098        0131  foot. 
-    -        C.     .-„        .0-843       o'83»        O'Sai    ,     o-8io 
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Unwm  states  that  the  coefficient  is  also  affected  by  the  length  of  the 
mouthpiece,  and  gives  as  average  values  : 


-^  equal  to 


It  will  be  noticed  that  the  pressure  at  any  point  between  L  and  K,  Sketch 
No.  41,  is  theoretically  less  than  atmospheric,  by  approxinifttely  070*.    It 
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Sketch  No.  41. — Discharge  thiongh  Cylindrical  Pipe. 

wrauld  thus  appear  that  water  can  be  raised,  or  air  sucked  b  through  an  orifice 
cionstTUCtcd  in  the  tube  along  this  length.  This  principle  is  employed  in  jet 
pumps,  and  hydraulic  compressors  (see  p.  813). 

It  would  also  appear  that  if  A  exceeds  1-4  times  the  height  of  the  water 
barometer,  say  45  feet,  the  coefficients  of  discharge  above  obtained  will  no 
longer  hold  Russell  {Text  Book  of  Hydraulics)  slates  that  when  A,  exceeds 
42  feet  the  flow  is  "troubled  and  pulsatory."  It  is  therefore  probable  thai  the 
water  jet  ruptures,  or  springs  free  from  the  sides  of  the  lobe,  and  that  tb« 
coefficient  of  discharge  momentarily  changes  to  that  of  a  sharp-edged  orifice. 
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My  own  exparimefits  lead  me  to  believe  that  this  effect  becomes  manifest  at 
lower  beads,  especially  if  the  tube  is  anything  but  perfectly  smooth.  If  the  tube 
is  shaped  internally  so  as  to  conform  to  the  form  of  a  jet,  the  discharge  is 
iacreased  by  about  10  per  cenL 

Cyliuds/cal  Mouthpieces  projecting  Inwards.— ^tx^  we  have  two 
cases  as  foUows : 

(i)  That  generally  known  as  Borda's  mouthpiece  (see  Sketch  No.  38,  Fig. 
6X  where  the  jet  springs  free,  and  doe;  not  wet  the  tube. 

Theoretically,  if «,  be  the  thickness  of  the  inner  end  of  the  tube,  and  r,  its 
radius,  then : 

or  C,  is  0*50,  or  slightly  greater,  Borda  finds  that  C  -^  0*515,  with  r  =  o'04  foot 
appTOx.  Bidone  {Rtcherc/ies  txptrifH»ntaUs\  with  r"0'o6  foot  approx.,  or 
d=  0-13  foot  finds  that  C  =  0-555  ;  wWe  the  theory  would  give  C  =  0*557. 
Weisbach  finds  that  C  =  0-532. 

(i)  In  the  second  case  (Bidone's  mouthpiece,  Sketch  No.  38,  Fig.  5)  the  jet 
expands,  and  wets  the  sides  of  the  tube,  so  that  at  the  outer  end  the  tube  flows 
<iiU  bore.  If  we  put  /•  for  the  value  of  C,  for  Borda's  mouthpiece,  as  calculated 
above,  j'^. 

-^' 

we  see  that  theoretically  (Bidone,  Recherches,  p.  63)  : 

C— — ■  I    '     I     11^        or)f>i=>^,  C  =  0707 


As  a  rule  C,  is  greater  tfaftn  0-707. 

With  r  K  0x6  foot,  or  rf  =  o'li  foot,  Bidone  finds  that  C  =  0-767,  the 
theoiy  leading  to  0-781, 

Hilton  {Pntc  Victorian  Itut.  of  Engitutrs,  1909)  for  sharp-edged  square  cut 
orifices,  with  tfae  pipe  3^  in  length,  fihds  that : 

d,      \         \  I  1  J  T  ij  2         2i  inches. 

C,  0-91     0-87     o 85     0-83    0-81     079    0-77     076    0-75 

In  very  large  orifices,  where  -,  is  small,  0-71  maybe  assumed  as  correct 

In  a  12-inch  pipe,  with  e^\  inch,  we  gel  /•  -  0-587,  and  C  =  0-818.  Ex- 
perimentally, under  a  head  of  14-3  feet,  I  found  that  C  =  079-  The  accuracy 
of  the  ezpenment  dpes  not  justify  corrections  for  frictjon  being  applied. 

Fountain  Flow  from  Vertical  Pipks.— The  calculation  of  the  discharge 
through  a  .vertical  pipe  is  of  importance,  as  the  volume  discharged  by  artesian 
wells  and  in  other  cases  of  fountain  flow  can  thus  be  easily  determined. 

The  question  has  been  investigated  by  Lawrence  and  Braunworth  {Tram. 
Am.  Son.  of.  C£.,  vol.  67,  p.  265).  The  conditions  of  flow  may  be  divided 
into  the  two  following  distinct  types  r 

(a)  Weir  flow,  occurring  under  small  heads  when  the  dischai^e  resembles 
that  over  a  circular  weir. 

(H)  Jet  flow,  where  the  dischaige  occurs  in  a  jet  or  fountain. 

If  <  represent  the  diameterof  the  pipe  in  inches,  and  H,  is  the  head  in  fee 
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over  the  horizontal  orifice  <rf  the  [np^  for  l»pes  of  a,  4.  <^  9>  «m1  •*  iadies  in 
diameter,  we  find  that :  ' 

Type(a)oecurisolongasH,  islessthanoo2fc/"'.  .        [Inthe.] 

Type  (*)  occurs  if  H,  is  greater  than  oio7rf'-"    .        .        pnehea] 

During  the  intermediate  range  the  discliargc  bears  a  fixed  iriation  to  the 
head,  but  [the  investigators  were  unable  to  deduce  a  foitluilB,  and  found  it 
necessary  to  prepare  a  table  which  gave  Q,  in  tenna  of  H, 
Putting  Q  =°  the  discharge  in  cubic  feet  per  second. 
D  =  the  diameter  of  the  pipe  in  feet. 
h  =  the  head  aver  the  orifice  in  feet. 
The  experimenters  found  that :  , 

I.  When  A,  was  observed  by  a  pieseure  gauge  in  conununication  with  an 
opening  in  the  side  of  the  pipe.  1  '90  inch  below  the  top  of  the  pipe  : 
The  weir  discharge  was  represented  by  Q  —  8-8D'-"<l''". 
The  jet  discharge  was  repiosentcd  by     Q  -=  s'84D»-*"Ai>". 
I  [.  When  A,  was  observed  by  sighting  across  the  lop  of  the  issuing  water : 
The  weir  discharge  was  represented  by  Q  =  8 '80 '-***'•'*, 
The  jei  discharge  was  represented  by    Q  =  5 "STD '■'*'*'■*•• 
The  resemblance  between  the  jet  formula  and  the  theoretical  formula 

Q  =  Z-Jigh  — ,     isobvious. 

It  is  plain  that  the  second  jet  discharge  formula  is  that  which  corresponds 
best  with  the  conditions  usually  occurring  in  practice,  and  for  this  case  C,  is 
not  iix  removed  from  0*90. 

In  some  field  experiments,  where  the  dischai^waa  measured  over  a  weir  and 
cotnpared  with  the  discharge  calculated  by  the  weit'  ditchaige  fbnnula,  indicated 
that  the  weir  condition  is  not  adapted  for  securing  accurate  mcasorementt  under 
field  condiiiona  ([HxibBbly  owing  to  the  large  ertors  in  Q,  caused  by  small 
errors  in  the  decerminacion  of  A).  Thus,  the  beat  results  will  be  obtained  by 
decreasing  the  diameter  of  the  tube  until  a  jet  discharge  is  produced.  The 
original  experiments  indicate  that  if  the  jet  discharge  condition  is  produced  by 
fixing  a  smaller  pipe  inside  the  casing  of  the  well,  and  blocking  up  the  annular 
space  between  the  two  pipes,  an  8  to  10  foot  length  of  the  smaller  pipe  will 
sutlice  to  wipe  out  any  irregularities  of  flow  which  might  cause  an  application 
of  the  formulas  to  produce  erroneous  results. 

Discharge  of  Watbr  through  ORincis  of  othbr  than  CntcutAB 
Form.— The  figures  given  in  the  following  discussions  are  by  nA  means  as 
accurate  as  are  those  which  relate  to  circular  orifices. 

In  practice,  circular  orifices  of  a  lije  latter  than  those  considered  in  Uk 
tables  are  not  of  frequent  occurrence,  since  engineers  rarely  employ  such 
orifices  except  for  measuring  volumes  of  water. 

Square,  or  rectangular  orifices  of  very  large  size,  frequently  occur  in 
practice  j  and  our  knowledge  of  the  coefficients  of  discharge  of  such  orificei  is 
very  vague.    The  available  information  has  been  collected. 

For  preliminary  designs,  the  following  simple  rules  may  be  used 

The  coefficient  of  discharge  of -a.eharp-edged  orifice  with  complete  con- 
traction, is  0-6,  and  increases  as    ~ 
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suppressed.  The  value  §,  may  be  taken  for  a  case  where  borders  exist  around 
three-quarteR  of  the  perimeter,  and  the  value  |,  for  completely  suppressed 
cootiactioD,  or  a  thick-edg;ed  orifice. 

All  these  values  are  low,  and  g,  might  he  used  in  place  of  0*6  ;  07  in  place 
of  0-67,  ando'Soin  place  of  075. 

In  practice,  however,  the  total  cost  of  a  lai^e  sluice  gate  and  the  surroundii^ 
masonry  is  probably  not  increased  by  makiiig  it  a  little  larger,  and  there  is  no 
doubt  that  too  small  a  sluice  capacity  is  always  troublesome,  if  not  danfcerous. 

Sqnai«,  or  rectangular  orifices  are  not  well  adapted  for  measuring  purposes. 
The  experiments  of  Benton  (see  p.  1G7)  were  intended  to  form  a  basis  for 
systematic  measurements,  and  very  excellent  tables  were  drawn  up  and 
oSciaQy  promnlgated.  In  practice,  however,  it  was  found  that  the  en^neers 
and  supervisors  preferred  to  carry  out  rod  float  gaugings.  The  standard  of 
iheoretical  kjiowledge  in  the  Punjab  Irrigation  Branch  is  high,  especially  when 
ihe  overseer  or  sub-overseer  is  compared  with  men  performing  similar  duties 
elsewhere.  Thus,  it  may  be  inferred  that  the  complication  introduced  by  the 
corrections  and  double  entries  which  are  required  with  even  the  best  system  of 
tables,  renders  the  method  unfit  for  practical  purposes. 

Squaxe  ORiriCES.—¥m  square  orifices  the  formula  is  : 
Q=Cx  area  V^ 
where  h,  is  the  head  measured  to  the  centre  of  the  orifice. 

HamiboD  Smith  {ut  supra)  gives  the  following  taUe  (p.  1  $4)  for  sbarp-«dged 
squaie  orifices^  in  a  vertical  plane  with  fiill  contraction,  discharging  into  the 
air,  his  values  being  corrected  so  as  to  permit  the  simple  formula  given  above  to 
apply  in  all  cases. 

These  figures  are  Imown  to  be  less  accurate  than  those  for  circular  orifices 
(being  subject  to  at  least  i  per  cent,  of  error),  principally  due  to  the  difficulty 
of  making  a  really  sharp-edged  square  orifice  of  small  aiie. 

In  view  of  our  present  knowledge  of  the  accuracy  of  the  table  for  Tound 
orifices,  it  is  probable  that  this  table  is  accurate  to  two  figures.  The  third 
Ggmc  is  retained,  as  Smiths  coefficients  are  so  often  referred  to  in  ex* 
periments. 

Rectangular  Orijkts. — The  typical  case  is  an  orifice  with  vertical  sides. 

Let  Of  "=  the  horizontal  width  of  the  orifice,  in  feet 

Let  H]  =  the  depth  of  the  top  of  the  orifice,  in  feet,  below  the  water  level. 

Let  Hi  =  the  depth  of  the  bottom  of  th«  orifice,  in  feet,  below  the  water 
level 

The  area  of  the  orifice  is  : 

«<H,~Hi)  =  wk  square  feet,  where  *  =  H,— Hi 
ud  the  theoretical  formula  is  : 

Q  =  CwV^(H,'-*-H,'«) 

Now,  if  Hf— Hi  be  small  compared  with  Hi,  this  is  approximately  equal  to : 

or,  QsCxarea  -J"^!*, 

where  A-  SlilL,  and  h,  is  the  head  measured  to  the  centre  of  th«  orifice. 
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RECTANGULAR  ORIFICES 

In  practice  th«  more  complicated  formula  is  only  applied  in  cases  where 


the  ratio 


H,-^H, 
H, 


is  greater  than  -.    The  coefficient  of  discharge  is  not  well 


known,  but  (see  p.  168)  C  =  0-63  is  probably  a  fair  average  for  sharp-edged 
orifices. 

The  typical  formula  is  ; 

Q = C  X area^  zg^*^-* = Cw(H, - H ,)  V 2gh 

and  the  following  table  is  a  condensation  of  Fanntng's  values  {A  TrtaHse  on 
Hydraulic  attd  Waier  Supply  Engineering)  for  rectangular  orifices  with  vertical 
sides.     The  third  figures  may  be  regarded  as  of  little,  if  any,  aJgnifiCBnce. 

VALtJBS  OF  C  FOR  RECTANGULAR  ORIFICES  1  FOOT  WIDE. 


Haul  to 

Vertiol  Height  of  Orifice. 

Centre  of 
Orifice. 

0-4 

♦  feet. 

ifeet. 

I'S  fi»t. 

ifoot. 

075 
foot 

s 

S 

0-125 
foot. 

0*614 

0-631 

0-633 

0-6 

0-598 

o-6o6 

o-6i6 

0-632 

0-633 

0-8 

... 

0-613 

0-600 

o-6o8 

0-617 

0-632 

0-633 

i-o 

" 

0-614 

0-6CI 

0609 

0-617 

0632 

0-633 

1-5 

0-619 

0-614 

0-603 

o'6io 

0-617 

0*631 

0-630 

o-6i8 

0-614 

0-604 

o'6io 

0-617 

0-630 

0-629 

*'5 

0-629 

o-6i8 

0-614 

0-604 

O-6I0 

o-6i6 

o-6a8 

o-6a8 

3"o 

0*637 

0-617 

0-613 

0-605 

o-eio 

0-615 

,o*6>7 

0-637 

4-0 

0-625 

0-615 

o-6ii 

0-605 

0-609 

0614 

0624 

0624 

5-0 

o'6ar 

o'6ia 

0-609 

0-604 

0606 

0-611 

0*620 

0620 

6-0 

o'6r6 

0-609 

o-6o6 

o-6o2 

0-604 

0-609 

0-615 

0-615 

8-0 

0609 

0-604 

o-6o2 

o'6oi 

0-602 

0*603 

0*607 

0-609 

10*0 

0604 

o-6oa 

0-601 

0-601 

0-601 

0-601 

0-603 

0-606 

20-0 

0-605 

o-6oa 

o-6ot 

0-601 

0-601 

o*6oa 

0-604 

0-607 

50-0 

0-609 

0-60& 

0-603 

0*603 

0-604 

0-605 

0-607 

0*614 

If  we  compare  the  fifth  column  with  Hamilton  Smith's  coeffidents  for  an 
orilke  1  fbot  square,  the  agreement  is  fairly  good ;  but  the  figures  for  heads 
exceeding  10  feet  do  not  follow  the  law  of  steady  decrease  which  Smith 
conudered  to  be  correct  for  square  and  circular  orifices.  The  6gures  for 
orifices,  the  vertical  side  of  which  is  less  than  die  horizontal  were  subject  to 
special  and  constant  errors,  which  usually  tended  to  slightly  increase  the  value 
of  the  coefficient. 

It  is  therefore  probable  that  the  following  reasoning  leads  to  values  of  C, 
which  are  quite  as  accurate  as  those  given  by  Fanning. 

Basin  (i/inw.  dir  PAcadetnie  dts  Scitncts,  tome  32,  1896)  finds  that  for  a 
square  of  0-656  foot,  under  a  head  of  3-96  fect-to  3-27  feet,  C  =  0-607.  For  a 
rectangular  orifice  2*63  feet  long,  and  o'6s6  feet  high,  without  lateral  con- 
tractions (m.  practically  of  infinite  length),  under  the  same  heads,  C  •^Viarj.  ■■■ 
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Wc  may  theiefore  deduce  that  the  coefficient  for  a '  rtetangutariorifice, 
0-656  foot  in  breadth,  with  a  length  equal  ton  x  0656,  with  lateial  contractions, 

is  not  far  oiT  0637 .    This  value  is  correct  to  two  places  of  dedmals,  and 

probably  holds  for  all  heads  over  3  feet.  For  widths  other  ihan  0*66  foot,  we 
may  add  or  subtract,  as  is  indicated  by  Hamilton  Smith's  tables  ;  e.g.  consider 
an  orifice  i  footxo'izj  foot,  we  get  if  i&  =  4  feet : 

C=(o-627-^^)+(o-6o6  -  o-6o7)=o-624 

which  agrees  with  Fanning's  table.  Similarly,  C  =  0633,  when  li  =  10  feet,  as 
compared  with  Fanning's  value  of  0-606,  which  is  probably  erroneous. 

Strickland  (i'nv.  ^GuMUEutff  Soc'of  Civil Enetnetrs^  i9o9,p.iS5)sugges(s 
the  following  formula  for  the  coefGcients  of  discharge  of  squares  with  a  side  of 
less  than  3  inches,  under  heads  of  i  foot  to  20  feet : 

=  -°'*+J^  .....  ti«j»] 

where  H,  is  in  feet,  and  1/,  in  inches. 

ir  «=  o,tovou,  to  cxpr=..  Ihi,  in  t™.  o(  r.  ,„,^^,„  ■"!  S»^ 

C=o-5,8+--°J45_ [Indx] 


which  may  be  applied  to  rectangles,  and  does  not  niarketUy  conflict  with  exiniDg 
experimental  results. 

'B.ayA.iJimm.oflht  Assoc,  of  Eng.  Secietia,  iEt9;)gjves  the  ^owitg  results 
for  an  orifice  6  inches  wide,  under  a  head  of  6  inches  : 

Length  of  orifice .       6  13  18  24  30  inches. 

C,  .    0-593        0-607        o'6i5        o'6ai        p'626 

The  orifice  was  peculiariy  constructed,  and  it  may  be  doobted' whetber  it 
was  really  sharp  edged.  The  values  of  the  coefficients,  however,  indicate  that 
it  behaved  after  the  manner  of  a  sharp-edged  orifice.  The  top  and  bottom 
edge*  were  formed  of  3-inch,  and  the  sides  of  i -inch  planking,  the  latter  being 
laid  against  the  water  fiue  of  the  3-inch  planks,  so  that  all  four  edge».<vete 
not  in  one  plane.  ..■■'•■<■ 

mWi  {Trans.  Am.  Soe.o/C.B.,\o\.  ;,  p.  19)  finds  as  ftrilows ; 

For  a  3  feet  by  0-5  fi>otori6ce,  C  =  0-611,  for  H -■  i-43>ffact, 

falling  to  C  =  0-600,  for  H  =  1696  fcet. 

For  an  orifice  2  feet  wide,  by  1  foot  high,  C  =  0*597,  for  H  =  I'ix  foot, 
riaingto  C  =»o-6o6,  for  H  =,11-31  feet.  ■ 

For  a  I  foot  square  orifice,  C  =  o'jSz,  for  H  ~  1-48  foot, 

rising  to  C  =0-601,  for  H,=  15-13  feet. 

When  submerged,  C,  varies  between  0*599  for  ka'^  3-33  feet,  and 

C  »  0-61 1  for  Ad  a  I4'3«  feet,  bot 
the  mean  bet««en  hi—ti-ti  and  18*5  feet  is  C  -  0-606.  ^ 
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TbK  difi^i«Dces  saggest  partially  suppressed  contractions. 

For  a  3  feet  square  orifice,  C  =  0*61 1  to  0*597,  H,  varying  between  z'o6  and 
3'54  feet.    The  effect  of  suppressed  contraction  is  very  evident. 

.  Lespinasse  (quoted  by  Fanning,  ut  su^ra)  obtained  the  following  values  for 
an  orifice  4'265  feet  wide : 


HdKbtinFeet. 

HesdinFeettoCentie 
ofOrifiM. 

C. 

I -805 

'4'55 

0*613 

,    .   X*.. 

663 

0-641 

,■64-  ■ 

6'S 

o-6,i 

,  1*51     , 

ij-88 

0*64 

■•575 

■359 

0-64 

,      ''SIS  . 

«-39 

o'6i( 

1*575  ■ 

0-59, 

'•575 

6-48 

o-6a 

The  values  are  probably  affected  by  suppressed  contraction,  but  are  con- 
stquentlymore  likely  to  be  practically  asiefiil  than  experiments  where  contrac- 
tion did  not  occiir.  In  any  case,  they  are  the  best  available  resnlts  for  really 
large  orifices. 

Better  Msdlts  will' not  be  easily  obtained.  The  difficulties  ariung  from 
etTot^  in  workmanship  are  exceptionally  great ;  dnd  the  duplication  of  a  square 
orifice  with  a  side  of  less  than  4  inches,  so  as  to  obtain  accordant  values  of  C 
(especially  for  low  heads)  is  almost  impossible.  Thus,  for  practical  calculations, 
the  abore  .values  ate  sufficiently  accurate,  and  It  will  also  be  plain  that  square 
orifices  are  Useless  for  measurmg  water  accurately. 

Snppreaaed  Contractioni. —Hamilton  Smith  (ft  sufira}  calculates  the 
fbUcivring  percentages  of  Increase  in  C,  from  Lesbroi'  results  for  an  orifice 
0*56  xo-6s6  foot    '■ 


Description  of  ContraWfon. 

Head. 
Ilbol. 

Hod. 
2  feet. 

Head. 
3  f«t- 

Hewl. 
S/eet. 

Nearly  suppressed  on  one  side. 

1-2 

I'D 

1-2 

1-3 

Quite            „                „         ■■ 
Nearly          „            two  sides. 

3-81/ 

3  "3 

,3"' 

rs 

S7 

4'5 

4-0 

4*0 

Quite  on  one,  and  nearly  on 

another        .... 

:    5-« 

■     5-3 

5-3 

5-6 

Quite  suppressed  on  two  oppos- 

ite sides  .      .        . 

7'3 

S-6 

y6 

Quite  on  one,  nearly  on  two 

^ides:','.    .  ■   .;      .      . 

i3"3 

10-9 

9-9 

9-8 

Quite  on  three  sides 

■15-6  i^ 

'    i3'4 

1 1 -9 
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For  rectangular  orifices,  we  have  the  following  perceotages  of  increase  it 


Homontal 

Vertical 
Side. 

Suppressed  *X  the 
Bottom. 

Suppfesseci  tx  botfa 
{'Wticml  Sides. 

Feet. 

Feet. 

Feet. 

Feet. 

FeeL 

Feet.    , 

H  =  I. 

H  =  3. 

H=s. 

H  =  i. 

H.3. 

H-5.   ; 

0-656  foot 

0656  foot 

.V8 

3-1 

3  5 

S'7 

.   40 

4  J 

0-328     „ 

5*4 

5*2 

5-4 

3'» 

a '4 

3'i 

0-164     » 

6-1 

fc-S 

7'4. 

1-6 

f4 

2*4 

0-098      „ 

7-8 

7-6 

«5 

3'4 

JI 

a-4 

9033     » 

8-9 

ia-4 

4-5 

S' 

5* 

When  the  Ctmtnction  is                            , 

Horizontal 

Verticl 

Suppressed  ai  the  Bouom 
and  putly^oD  oa«  Side. 

end  pertly  on  both  Veitkels. 

/. 

Foot 

Feet. 

Feel. 

Fdot. 

Feet. 

Fed. 

H=t. 

H=3. 

H=S. 

H=i. 

H=3. 

H=S- 

0-636  foot 

0-656  foot 

S-8 

5*3 

S-6 

■3-3 

'S 

9-8 

o-3»8    „ 

6-7 

■»■; 

«■« 

0-164      „ 

7  3 

7 '5 

8-4 

8-, 

St) 

8-5 

0093.    „ 

9-2 

,(, 

9"' 

9'5 

0-033     » 

«-5 

ii-i 

»s 

ii-i 

ia-7 

These  values  are  probably  less  accurate  than  the  results  for  square  orifices. 

The  term  "complete  suppression,"  is  employed  when  a  side  of  the  canal 
conicides  with  a.  side  of  the  orifice.  For  sides  where  the  term  "  partly 
suppressed"  is  used,  the  distance  between  the  side  of  the  canal  and  that  of 
the  orifice  is  O'o66  foot.  The  figures  for  the  second  case  appear  to  be 
erroaeous,  and  somewhat  peculiar  irregularities  occur  in  all  cases. 

Bidone  {Rechtrches  Hydrauligties)  suggests  the  following  (compare  with 
circular  orifices) : 

C,=c(i+o-,52p 

The  results  are  probaUy  more  accurate  than  those  given  by  his  formula  for 
circular  orifices,  but  they  are  obtained  from  experiments  on  small  orifices  only. 

'&€Axsii(,Hydraulus)  gives  the  following  table  for  rectangular  orifices  with 
partial  suppression  round  a  portion  of  their  perimeter,  where  G,  is  the  distance 
of  the  side  of  the  channel  from  the  edge  of  the  orifice,  and : 
Ct=  C  X  coefficient  in  tabic 
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where  Ct,  b  the  coeffideDt  of  dischai^e  for  the  orifice  with  partially  suppressed 
contraction,  and  C,  is  the  coefficient  under  the  same  head,  but  with  complete 
contraction. 


1=3 

1-67 

' 

.■ 

o-S 

0 

"■'S 

i-ooo 

i-ooa 

1006 

1-015 

1-04 

050 

i-ooi 

I -003 

1-013 

1-030 

108 

0-875 

i-o 

I'OOI 

i'004 
1-005 
1006 

I -019 

«-04(?> 

•■osC) 

1-045 
■  •io(?) 

1-20  (?) 

i-4o(?) 

I  am  not  aware  what  experimental  basis  these  possess. 

If  a  jet  be  bisected  by  a  metal  sheet,  which  is  more  than  0*04  inch  in 
thickness,  and  is  afterwards  allowed  to  unite.  Smith  finds  an  increase  of 
about  I  per  cent,  in  an  orifice  with  a  lenfrth  of  0*30  foot,  and  a  width  of 
0^)3  foot. 

Orjficbs  with  Prolongrd  Boundaries.— 1\iK  following  results  are 
given  by  Unwin  {Etuy.  Brit.,  article  on  "  Hydraulics ").  I  am  unable  to 
discover  the  original  source,  which  is  probably  French. 

The  formula  used  is  : 


Q=Cw; 


'-k/^*-^ 


Hi 


(Sketch    0.43). 


Skrtck  No.  42.— Sketch  of  Rectu^hr  Orifices. 


H,  in  feel. 

e|.-656( 

00656  1  0-.64 

0328  1  0-656!  1640 

3-28 

4-9* 

6-56 

9-84 

0-480  i  0-511 

0-480    0-5. 0 

o-54»U-574 
0-538!  0-566 

0-599 

0601 

0-600 

o-6oi 
0-602 

o-6oi 

o-6o2 

o-6oi 

0-601 

c]        ( 

0-527  lo-SS3, 0-574 ^0-592 

0-607 

0610 

0-609 

IH 

0-488  ]o-577:c'fi»4  0-63' 
0-487    0-571    0-606  0-617 
0-585    «-6i4lo-633;o-645 

i            1 

0-625 
0-626 
0-65^ 

0-6.4 
0-638 
0-651 

0-619 
0-627 

0-650 

0-613 

0-623 

0-650 

0-606 
0-618 
0-645  1 
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} 

fi 

1 

-5 
^ — : 

.1^ 

R   , 

■f 
1 

PJan 


nil  planks  m  thick. 


Skktch  Na  43 

C  for  f^le  P.                                                            1 

Head  M„ 
above  Upper 

Height  of  Orifice,  H,- H„  in  Feet. 

In  Feet. 

0-656 
0-787 
0-984 

1-31 

o-6ia 
0-616 

066 

0634 
0-640 
0-641 
0-641 

0-69, 
0-685 
0-684 

o-6«3 

0-710 
0-696 
0-694       j 
0-692       1 

.Google 


RMCTANCVLAH  OglFlCES 


C  for  figure  P. 

Heod  Hj,  «bove 

Height  of  Orifice. 

H,-H,.  iaFeei. 

1-31. 

066. 

o-i6. 
0-678 

010. 

1*968 

o-6i8 

0-640 

0-688 

3»8 

0-608 

0-638 

0-680 

4'7 

o-6oa 

0637 

0-672     ■ 

0678 

492 

0-598 

o'637 

0-672 

0676 

5-58 

0596 

0637 

0-672 

0-676 

656 

0-S95 

0-636 

0-671 

0-675 

9-84 

0-593 

0634 

0-668 

0-6J2 

C  for  liguce  R.                                                            j 

H,-H,,  inFeeu 

SSEfe 

1-31- 

066. 
0-668       ■ 

016. 

o-io. 

0*328 

o-M 

0-666 

0-696 

0656 

0-657 

0-675 

0-688 

0-706 

■     «>^87 

0-659 

0-677 

0-69* 

0-708 

0-984 

0660 

0-695 

1-968 

0^34 

o-«79 
**B76 

0-697 
o«9S 

:        3"»« 

0705 

1       4'»7 

0-675 

0-694 

0-702 

4-9. 

o'6a2 

0-674 

0-693 

0-690 

s-sa 

0-620 

0-673 

0-693 

0-698 

i     6-56 

■    0-617 

0-672 

0-692 

0-696 

9-84 

0-612 

0-670 

0-690 

0-693 

C  for  f«ute  Q.                                                      | 

Hod  Hj,  ibove 

He«htofOHfice, 

H,-H,.  inFeei 

Orifice  in  Feet. 

1-3., 

0-66. 

0-.6. 

010. 

0-328 

0-644 

0-665 

0-664 

0694 

0-656 

0-653 

0-672 

0 

687 

0-655 

0-674 

0 

690 

0-706 

0-984 

0-656 

0-675 

0 

O9.V 

1-968 
318 

o'649.- 
0-632 

0-674 

0 

69S 

0 

6q4 

0624 

0673 

0 

«93 

492 

0-620 

0673 

693 

0699 

S-58 

o-6i8 

0-673 

0 

69a 

0-698 

6-56 

0-615 

0-671 

691 

0-696 

984 

0-611 

0-669 

0-689 

0-693 
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Submerged  ORjr/C£S.— The  following  table  gives  values  calculated  from 
Smith's  experiments : 


Eflective 
Head  in 

Circle 
d=o-05Tt. 

Square 
Ft.       Ft. 

arcle 

Square 

n:  Ft 

r^ 

0  1x01 

o-osxo-3 

o'6i6 

o-6ao 

0-603 

0-609 

0'632 

0-6I0 

0-615 

o-6oa 

o-6o6 

0-623 

0607 

0-6II 

0-60I 

0-605 

o-6sr 

2'0 

0604 

0-609 

0-600 

0-604 

o-6ao      1 

"'5 

0-603 

o-6o8 

0599 

0-604, 

0-6,9 

3'° 

©■6oa 

0-607 

•>599 

0-604 

o-6l8 

4-0 

o'6qi 

0-607 

0-S99 

0-605 

Smith  soggests  that  the  difference  between  these  coefficients,  and  those 
for  similar  orifices  discharging  into  air  under  the  same  effective  beads,  is 
.   proportional  to :  Wetted  perimeter 

Areax  Vhead 
I  have  been  unable  to  find  any  difference  for  orifices  i  foot  square,  undu 
heads  up  to  4  feet.     I  was  not. able  to  gauge  the  quantity  of  water  passiafr, 
but  the  effective  heads  over  the  orifices  were  identical. 

The  rules  given  under  "  Circular  Submerged  Orifices  "  may  be  applied  in 
default  of  belter  infonnatipn. 

COEFFICtBSTS    FOR    ORIFICES    WHICH    ARE   NEITHER    CTSCVLAS    MOX 

Rectaugvlar. — For  orifices  other  than  circulari  square,  and  rectanguiat 
in  form,  no  very  definite  information  exists.  Bovey  (/fydrauUcs,  p.  40),  gives 
a  series  tA  determinations  of  orifices  a-196  square  iodi  in  area,  under  beads 
up  to  20  feet  The  area  is  far  too  small  to  permit  any  practical  appfication 
being  made,  and.it  is  therefore  sufficient  to  state  that  tfae  mean  ratios  rf  the 
C's,  were  as  follows  : 


Qieulw. 

Square. 

Rectangle 

Sld.4  =  .. 

Sides 
Vertical. 

Diagonal     '    I^ong  Side 
Vertical.      [     Vertical. 

Short  Side 
Vertical. 

■ 

I-OII 

l'or3 

1-030 

1*033 

Long  Side 
Vertical. 

Short  Side 
Vertical. 

One  Side 
Horirontal. 

1050 

1-050 

I  033 
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The  arrangements  for  measuring  were  extremely  accurate)  and  the  figuies 
may  be  relied  on  to  about  three  units  in  the  third  place  of  decimals.  It  is  fairly 
plain  that  large  orifices  will  probably  show  no  measurable  difTerence, 

Large  Orifices.— "Dm  most  complete  experiments  are  those  of  Stewart 
{Bulletin  of  Univ.  of  Wisconsin,  March   1908,  and  Eng.  News,  January  9, 
1908)  on  4  feel  square  submerged  orifices,  under  small  effective  heads. 
Here  we  have  as  follows  : 

osquare-comeredoritices,  prolonged  by  a  tube  of  a  length  I. 
to  a  similar  ori6ce  with  contraction  suppressed  at  the 
)m  by  a  bellmouth  of  elliptical  form. 

to  ditto,  at  one  side,  and  the  bottom  by  a  similar  bellmouth. 
to  ditto,  at  two  sides,  and  the  bottom  by  a  similar  bell- 
mouth. 
V.  is  as  IV^  but  unlike  all  the  other  cases,  the  tube  does  not  simply 
end  in  a  sharp  edge,  but  in  a  bulkhead,  as  though  it  passed 
through  a  thick  walL 
VI.  is  an  orifice  as  No.  IV.,  with  contraction  completely  suppressed 
on  all  four  sides,  and  no  bulkhead  at  end  of  the  tube. 

We  have,  Q  »  Ca'/2ghi,  and  the  following  are  the  values  for  a  tube  of  a 
length  equal  to  /  feet. 


Where! 

refers 

II 

refers 

bott 

III 

refers 

IV 

refers 

1 

/=Lkngth  of 

TOBB. 

1     ^■ 
|F«t. 

Cue. 

031  ft. 

0-62  ft. 

I  -as  ft. 

'■'"■ 

5.,.. 

lo-ofi. 

14-0  ft. 

0-05 

I. 

0-631 

0-650 

0*67!! 

0-769 

0-807 

0-824 

0-838 

II. 

0-67? 

... 

0-743 

0-816 

0-S48 

III. 

0-740 

0-769 

O-83J 

0-862 

IV. 

0-834 

0-769 

o-8,s 

0-890 

V. 

0-875 

'      - 

VI. 

0-948 

o-ia 

0-940 

0-917 

o-93« 

i  o-io 

I. 

0-61 1 

0-631 

0-647 

0-7,8 

0-763 

0-780 

0-795 

'     ... 

11. 

0-636 

... 

0-698 

0-771 

0-801 

1     ■■■ 

III. 

0-685 

0-718 

0-791 

0-813 

... 

IV. 

0772 

0-718 

0-828 

0-84. 

V. 

... 

0-830 

1     ■" 

VI. 

0-932 

0-911 

0-899 

0-S92 

0-893 

j  «'15 

I. 

0*609 

o-6a8 

0644 

0-708 

0758 

0-779 

0794 

11. 

0-630 

0-689 

0-767 

0-803 

... 

III. 

0-677 

0708 

0-787 

0-814 

... 

IV.. 

0-765 

0-708 

0-828 

0-839 

V. 

0-829 

1     — 

VI. 

b-936 

... 

0-910 

0-899 

0-893 

0-894 
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/= Length  of 

TWBl. 

o-i  ft 

o-6i  ft. 

rasfi. 

i-Sft. 

5«fl. 

100  ft. 

14-0  ft. 

F«et. 

I. 

0-647 

^.^^ 

o-6oq 

0-630 

0-711 

0-768 

0-794 

0-809 

11, 

0632 

0-694 

0777 

0-8,9 

III. 

0-678 

0-7 1 1 

0796 

0-833 

IV. 

o"7ii 

o-«38 

0-856 

V. 

VI. 

0948 

0-913 

0-911 

0-906 

0-905 

oag 

I. 
II. 
III. 

IV. 

V. 
VI. 

0-610 
0634 
0683 

0-779 

0-965 

0-634 

0-652 

0720 
0-705 
0-730 
0-720 

0-938 

0-782 
0790 
0809 
0-854 

0-928 

0-812 

0-818 

O-30 

I. 
II. 
III. 

IV. 

V. 
VI. 

0-614 
0-639 
0689 

0-980 

0639 

0-660 

0-731 

... 

0-796 

0-832 

... 

0-850 
;■; 

These  experiments  were  conducted  with  the  help  of  a  carefully  calibrated 
weir,  and  may  be  regarded  a*  possessing  a  very  high  degree  of  accuracy. 

The  values  given  above  are  not  corrected  for  velocity  of  approach,  and 
the  form  is  consequently  that  which  is  most  useful  in  practical  work.  If  a 
correction  for  the  velocity  of  approach  is  introduced,  the  values  of  C,  are 
reduced  by  \  per  cent,  to  ij  per  cent.,  the  lesser  reduction  occurring  for  square 
comers,  and  A -=005  feet,  and  the  greater  for  Case  VI,  and  ^-0-30 feet. 

Sluices  and  Gates.— These  may  be  considerftd  as  orifices,  usually 
rectangular  in  shape,  with  completely  suppressed  contraction  along  the  lower 
portion  of  the  perimeter,  more  or  less  suppressed  contraction  at  the  sides, 
and  complete  contraction  at  the  upper  portion.  ./Uso,  the  issuing  jet,  or 
sheet  of  water,  is  generally  guided,  and  prevented  from  expanding  on  the 
sides  corresponding  to  those  on  which  contraction  is  suppressed  at  entry. 

The  complexity  of  the  problem  is  indicated  by  a  mere  statement  of  the 
above  facts.  Existing  experiments  show  that  the  coefficient  of  discharge 
varies  markedly  with  the  amount  of  opening  of  the  sluice.  The  issuing  jet 
often  forms  a  standing  wave,  and,  in  such  cases,  we  have  the  additional  prob- 
lem of  specifying  where  the  head  is  to  be  measured.    (Compare  Sketch  No.  33.) 

The  problem  is  obviously  that  of  a  submerged  rectangular  orifice,  and  the 
following  general  statements  can  be  made. 

When  the  sluice  is  first  opened,  the  thickness  of  the  bottom  of  the  gate 
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is  comparable  with  the  width  of  the  opeping,  and  phenwneaa  occur  which  are 
analofimu  to  those  of  an  orifice  widi  a  mouthpiece.  CoefficioDta  of  diEcbarga  as 
high  as  czo^  reckoned  on  the  gate  <^ning,  have  been  obaerved,  and  th^ic  is 
little  doabt  that  higher  values  are  met  with,  but  are  masked  .by  the  leakage 
that  takes  place  at  other  portions  of  the  gale,  and  by  experimetital  difKcullies 
connected  with  the  measurement  of  the  head.  When  this  stage  ends,  (which 
boib  theory  and  experiment  indicate  occurs  when  the  width  of  the  opening 
is  equal  to  about  three-quarters  of  the  thickness  of  the  bottom  of  the  gate), 
the  flow  resembles  that  through  an  orifice  with  partially  suppressed  contraaion, 
and  a  coefficient  of  0*65  would  appear  to  be  approximately  correct,  although 
reliable  observations  occasionally  indicate  lower  values,  such  as  o'6o.  These 
values  may  be  explained  by  the  fact  that  when  the  seat  of  the  gate  is  some- 
what raised  above  the  rest  of  the  floor,  and  Ihe  width  of  the  opening  is  not 
loo  great,  marked  contracticm  at  the  bottom  of  the  orifice  is  produced.  Theor>- 
then  indicates  a  value  of  about  0*63,  so  that  the  observations  are  probably 
accurate.  As  the  gate  rises,  this  bottom  contraction  has  less  effect,  the 
Inefficient  increases,  and  values  ranging  up  to  0-85  occur. 

The  only  systematic  observations  are  those  of  Bomemonn.  Those  by 
Benton,  and  Chatterton,  are  more  practical,  but  are  less  suitable  for  ascertaining 
tbe  general  laws. 

Bomemann  {Civilingmieur,  voL  26,  p.  297)  experiments  with  sluices  in  open 
channels.     His  table  shows  the  following  particulars  : 


i        Ko.  of 

Width  of 

Width  of 

Height  of 

Effective  Heads 

p   Eiperimenls. 

Sluice. 

Channel. 
Feet. 

Opening  in  Feet. 

in  Feet. 

1 

Keet. 

Max. 

Min. 

Max. 

Min. 

;          16 

3-73 

0-S8 

o-il 

073 

o'o6 

28 

1-70 

1-78 

0-84 

030 

0-6i 

o'o6 

19 

'■54 

.83 

0-43 

o'S7 

With  tbe  formtila  Q  =  C  X  area  of  opening  ^2^  ^>^,_>^J^.^^ 

vbere  A„  is  tbe  depth  of  the  top  of  the  opening  below  Ihe  upper  water  surface, 
^h  is  the  depth  of  the  top  of  the  opening  below  the  lower  water  sur&ce. 
Thus,  Ai— A,=^=eflfective  head. 
«,  is  the  velocity  of  approach. 
k,  is  the  height  of  the  opening.    (Sketch  No.  44.) 
Bomemann  gets  for  the  330  feet  sluice  ; 


C  =o-664+o-oS3 


■Jk 

k4 


and  for  all  the  experiments  : 


The  range  of  these  experiments  is  by  no  means  as  wide  as  is  desirable. 
Urge  values  of  *,  are  almost  universally  accompanied  by  small  values  of  the 
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effective  bead,  but  this  connection  is  &r  less  maikod  than  in  the  case  of  the 
experiments  which  are  later  discussed.  The  form  arrived  at  by  BonMnuuu 
must  therefore  be  considered  as  the  best  which  is  at  present  availatrie. 

Benton  {Punjab  Irrigation  Branch  Papers,  No.  8)  experimented  on  the 
ordinary  sluice  gate  used  for  regulating:  the  discharge  of  irrigation  canals. 


*  uft./xrsec. 
tlmxI-Hkcfusfillr. 


kisnasimdhl^o}  ^siBidtedsk. 


Skbtch  No.  44.— Diagram  of  Discharge  through  a  Sluice,  and 
Type  of  Sluice  experinienled  on  by  Benton. 

These  gates  were  10  feet  wide  in  eleven  cases,  8  feet  wide  in  sixteen  casOi 


6  feet  wide  in  twelve  cases,  and  4  feet  wide 
were  observed  by  rod  Aoats,  and  arc  probably 
observer  being  unusually  skilful.    The  discharge  being 
of  approach  beii^  neglected,  the  fbnnula  is  as  follows  : 


The  discharg« 
per  cent,  the 
ibmeiged,  and  velocttv' 
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The  efiecdve  bead  ha  is  defined  as  the  difference  between  th«  wafer  levels 
upstream  and  downiueam  of  the  gate,  aa  obierved  in  stilling  wellf. 
We  have  the  following  table  : 


1 

Mil.  Q, 

Min.  Q, 

iiax.A4. 

Min.  id. 

Mai.  i. 

Min.^, 

Id 

ia 

1 

Co««. 

■ 

Ciuecs. 
30:7. 

Feet. 

Feet 

Feet.    . 

"«, 

1      "> 

1130 

3-88 

©■07 

'■55 

0-46 

567 

>6-3 

I '47 

3-20 

o-4» 

49*3 

7-a 

4-«S. 

o'la 

0-93 

o-iS 

i         ^ 

24-9 

tO'I 

3*51 

•■» 

071 

0*19 

Benton  considers  that  C  is  solely  affected  by  w,  the  width  of  the  gate, 
and  gives  for  all  observatiottg  : 

C  =  07301 +o'oo74«' 
For  all  cases  where  kg,  nxtxie&a  d*;o  foot.    C  =  07162+00079^,  so  that : 


:       " 

iQ  FmU           8  Feet 

«Feet. 

4reel. 

C(liistca5e)     . 
C(«c<«.4c;™),        . 

0-794             0780 
0795             «779 

0765 
07S3 

i>7S'> 
o74«    . 

The  results  agree  very  well  with  the  experiment^  but  it  must  be  remetQbered 
tluil  the  maximuni  ht,  almost  invariably  occurs  when  k,  has  its  miaimum 
value,  and  vice  versa,  consequently,  Q,  as  tabulated,  varies  far  less  widely 
ttun  might  be  supposed. 

The  e;q»erjmeiits  of  Cbatteiton  (Hydraulic  Experinunts  in  the  Kistna 
DtUa)  are  subject  to  the  same  objection.  The  gaugings  were  effected  with 
a  current  meter,  but  are^  probably  less  accurate  than  are  those  of  Benton. 
With  one  exception,  the  gates  were  from  6  feet  to  5-25  feet  wide  ;  but,  unlike 
Benton's  experiments,  the  discharge  observed  was  that  of  a  number  of  gates 
(in  some  instances  aa  many  as  17)  s^arated  by  piers  3  feet  in  thickness..  The 
citpenments  are  somewhat  mixed'  in  character,  containing  submerged  orifices 
simitat  to  those  experimented  on  by  Benton,  and  orifices  with  free  overfall, 
where  tbf  tbeotetical  formula  is  represented  by  : 

Q  -  CwN/lf  {H,»»-Hi'-*) 

^K  and  H^  being  the  depths  of  the  top  and  bottom  of  the  orifice  below  upstream 
*ater  level    Velocity  of  approach,  though  neglected,  had  probably  more  effect 
than  in  Benton's  experiments,  the  orcumstanccs  being  similar  to  Sketch  No.  42,  A. 
Chatterton  gives  the  following  equation  : 

C  =o'6iS+0'OO7X2*"*<f 
for  all  cases  where  h^  varies  from  o,  to  s  feet. 
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{  find approKimately  that: 

(i)  For  the  cases  where  the  discharge  is  submerged,  and  the  fMnrata : 

Q  —  Cvik-J-zgkd  is  applicable, 

C  =  o'83— o'iii*rt 

where  ha  varies  from  O,  to  12  foot.  This  compares  very  wel!  with  Benton's 
experiments,  under  similar  heads,  and  the  larger  values  of  C,  are  pl^nly  due 
to  neglect  of  the  velocity  of  approach. 

(ii)  For  cases  where  the  discharge  is  not  submerged,  and  the  formula : 

Q  =  Ca'\'2f  (H,'-*-Hi'-*)  applie*, 

C  -  0-63, 


The  results  are  not  very  concordant,  although  they  agree  well  with  the 
theoretical  values.  The  experimeotal  difficulties  are  great,  so  that  these  figures 
are  the  best  that  arc  likely  to  be  obtained. 

The  results  obtained  by  Benton  and  Chatterton  show  that  the  shape  of 
the  approach  channel,  or  the  circumstances  affecting  side  contractions,  have 
extremely  little  influence  on  the  coefficient  of  discharge  in  orifices  of  the  m« 
now  under  consideration.  All  these  matters  may  be  neglected  in  practice, 
without  introducing  serious  errors. 

We  may  therefore  sum  up  this  obscure,  but  important  subject,  as  follows  : 
The  general  value  of  the  coefficient  of  discharge  of  a  submerged  orifice 
with  bottom  contraction  completely  suppressed,  may  be  taken  from  Benton^ 
experiments  for  heads  exceeding  o-6,  or  07  foot.  For  lower  heads,  the  valnes 
given  by  Chatterton,  corrected  by  Benton's  rule  for  the  width  of  the  opemng, 
may  be  used.  Nevertheless,  it  is  inadvisable  to  take  a  greater  value  of  C, 
than  o'So,  although  there  is  little  doubt  that  in  wide  openings  values  such  as 
o'Bj,  or  even  090  occur,  if  the  bottom  contraction  is  complete  {e.g.  the  gate 
mts  on  a  raised  sill),  and  the  orifice  ra  not  submerged,  a  coefficient  of  0*63  is 
safe,  but  is  probably  exceeded  when  the  dischai^  is  submerged. 

When  actual  observations  have  been  made,  a  formula  of  Bornemann's  type, 
with  properly  determined  coefficients,  will  -probably  be  found  useftil,  and  the 
velocity  of  approach  should  be  allowed  for. 

Comparing  these  results  with  The  general  tread  of  the  evidence  afforded 
by  small  scale  observations,  we  can  rest  assured  That  the  application  of 
coefficients  derived  from  work  on  orifices  say  i  foot  wide,  and  8  inches  Wgh, 
is  not  Rkely  to  lead  to  serious  error,  and  that  the  large  orifice  will  ahnost 
invariably  discharge  more  than  is  indicated  by  the  calculations. 

Nox-cmcVLAR  Orifices,  uhdek  Larcf.  ffEAPS.—T\K  only  aTailable 
experiments  are  due  to  Graeff  (see  p.  788).  It  appears  Justifiable  to  assume 
that  the  geometrical  form  of  the  orifice  has  no  appreciable  influence  on  the 
coefficient  of  discharge,  which  is  determined  entirely  by  the  thickness  of  the 
walls  and  the  amount  of  suppression  of  contraction.  In  calculations  it  is 
desirable  to  bear  in  mind  that  the  higher  the  head  the  blunter  (geometrically 
considered)  the  edges  of  the  orifices  may  become  before  the  orifice  ceases  to 
be  "  sharp-edged  "  (hydraulically  considered). 
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CHAPTER  VI.— (Sectiow  A) 

COLLECTION  OF  WATER  AND  FLOOD  OrSCHARGE 

CoUecUoa  of  WKter.—Connettion  beiween  rab-fotl  and  stream  dUchaige. 
AyEKACB,  OK  Mean  Valus. — Sampling — Application  to  nun-GUI  or  strcMi 


Dbfihitions. — Mean  annual  nun-fall—Evaponition — Run-off— Rain -til  lo» — Percola- 
tion— Feiiodi  of  observation. 

SQVRCSS   op  l!CFQHttATIO\. 

RAiN-FAUU^Importaiice  of  observations  on  min-fall. 

Climate  aa  afiectiiu;  the  Vaiiabtlity  of  RMin-fall. — Insular  and  Continental  climates — 
Temperale  andTrogncal  climates — Wet  and  dry  seasons — Variability  of  the  annual 
iBin-fall — Binnie's  rules  for  the  relation  between  the  va]ue«  of  the  mean  annual  cajn- 
fal!  foi  a  short  and  long  period — Ratio  of  roxxa  annual  to  maximum  and  minimum 
annual  nin-bll — Binaie'i  rales— Crilicuon—Eiceptioas — Indian  and  Calitvmian 
examples — Probable  explanation — Space  variability  of  raia-fatl — Latj^c  scale  selection 
c^  the  sots  of  rain-gauges — Liability  to  anderestimate  the  average  raiti-fall  of  any 
aiea — I«cal  corkditions  affecting 'rain -gauges— Effect  of  edilies— Gauges  on  hillsides 
— Nipher  shield — Standard  lain-gauge — Correction  ior  elevation  above  the  natural 

Accuracy  OF  Rain-fall  RRCOSDS.—^-acm — Non-standard  gauges. 

Watmb  Yeas. — Period  of  minimum  stream  How — Period  of  maximum  water  aiorafe. 

Vauation  of  ths  Rain-fall  ov&r  the  ya^B.-— Summer  and  winter  rwns— Wei  and 

CONNRCTTON  lETWEBN  Rain-fall  AND  RUK-OFF.— Disposal  of  rain-fall  in  the 
fonw  of:  (i)  Utilisation  bv  vegetation  ;  (ii)  Evapoiation  ;  (iii)  Topt^rapHcal  flow  ; 
(iv)  Stored  rain — Ground  water  flow— Period  over  which  the  relations  hold — 
Period  of  a  yesr— Values  of  AB — Possible  errors— Appioximote  estimation  of  the 
m(mth1y  run-off  from  evaporation  statistics — Values  (or  English  catchment  areas 
—For  Elbe  and  Uoldau. 

Obserrfttioiu  tiqiplemeatlnE  the  usual  Stieaai  GEu^incs.— Subscnl  water  levels 
— Survey  rf  permeable  beds — Chemical  investigations — Seepage  water  inves- 
tigation!. 

Case  when  rain-fiUl  doei  not  suffice  to  provide  for  vegetation  and  evaporation — 
Droi^ts. 

CUHATB  IN  RELATION  TO  RON-OFF.— Effect  of  duration  of  the  periods  Considered, 

Climatbs  of  the  First  Tvpb.— Omisaon  of  the  wetter  years —Probable  errors- 
Effect  of  abnormal  winter  and  summer  rains — Annoal  and  mean  annual  rain-fall  losi. 

RVK-OFF  OP  CaICHMEnt  Akeas. — Circumstances  aiding  the  relation. 

Effect  of  the  Absolvtr  Magsitude  of  the  Mean  Annval  Rain-fall. — 
Effect  of  errors  in  estimating  the  rwn-&II — Example  of  Melbourne — General 
i  nvest^Btion — Ded  uctions. 

SRASOtiaL  D.STRIBUTtON  OF  RaIN-FALL, 

EAect  of  Geoloficel  Stnu:tufe.—ESect  on  topography— Permeable  beds~Geol(«ical 
and  topi^aphic  watersheds — Detection  of  springs,  or  leaks  in  stream  bMS — 
Detection  of  underground  flows — Dew  ponds. 

Effect  of  lakes  and  swampa.  —White  Nile— Aker. 

Glacisk-ped  Streams. — Monthly  discho^  curves. 

Daily  Variations  of  Mountain  Streams. 
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Relation  bbtwbbn  mean  Yearly  Rain -fall  and  RUH-OFr.—Kdler't  remits  for 
German  areat — Flat  a,Teas — Partly  Sat  and  partljr  hillj  area* — Hillj  areas — Alfwie 
ftreas— Probable  eirora — British  areas. 

Relation  between  the  Rain-fall  and  Rain-fall  Loss  foe  Individiial 
Ykaxs— Detennination  of  the  constjuit  a — Examples — Wet  diitricti. 

Distribution  of  Run-off  during  the  ys,««.— Visible  and  inviiible  reservoirs — 
Stmcture  of  the  catchment  area — Tymcal  tables  of  nun-fall  and  run-off  by  months. 

SusTRACTiva  AfsTHOD.—ilLon'iAy  rain-fcil  losses — Summer  raJa-Aai  losses. 

Proportional  Mbthod — Monthly  values  of  the  ratio  -  ™  ,  . — Practical  applicatioa. 

Third  Method  tftkiufi^  Into  Account  tbe  Effact  of  Ground  Water  Stor^fe  on 
Run-off— Venneule's  investigation— Vennenle's  v — Tabulation— Connection  with 
evaporation  and  rain-&ll  toss — Classification  of  catchmmt  aieas — Depletion — Deter- 
mination of  monthly  run-olf  in  terms  of  the  initial  depletion— Fnctic^  deteimination 
of  the  run-off  and  mean  depletion  curves— JCriticism — Application  to  British  o""-*- 

ment  areas— Tables  of  j",  and  lU — Exainpl      "      '         '       ""' 

off  at  end  of  a  diy  period  is  a  geological  pne 

Detbrminatiok  of  Resbrvoir  Capacity. — Accarai 

Swily  mn-ofls— Three  driest  consecutive  years- 
lew  lule— Tabulation — German  experience— United  Slaitx  ezperietice. 
Mass  Curve. — Description  of  monthly  mass  curve— Period  of  greatest  depletioa — 
Correction  for  evapo™.tion — Equalising  storage  for  driest  yeaj-— Yearly  Mass 
Curve — Storage  capacity  derived  fitim  the  yearly  mass  curve — Determination  of 
run-off  during  critical  periods — Growing  season- — Replenishment  season — StorafC 
season — Consumption  by  vegetation — Equalisation  of  yield  over  five  dry  ^eats  ; 
m\)tdbly' represents  maximum  storage  capacity — Gore  and  Brown's  investigattons — 
Tables  of  yearly  rain-Uls  and  mn-offs. 

Catchmbnt  Areas  situated  in  Climates  of  the  Second  Type — Authorities — 
St  range's  table  for  India — Criticism — Accuracy  of  rain-fall  records — Bbude's 
Uetbod — Criticism— Observations  for  a  partially  permeable  catchment  area — T^ile 
for  daily  run-otfs — Table  for  Sat  and  permeable  areas^Cotrectioa  for  stored  water. 

Variability  of  the  Wet  Season  Rain-fall, 

Capacity  of  Resbrvoiss, 

Climates  of  the  Third  Type. 

Records  of  the  Sweetwater  catchment  area. 

Records  of  Australian  and  Califomian  catchinent  areas. 

Victorian  records  of  rain-&ll  and  run-off. 

Socondaiy  Catchment  Arena.- Capacity  of  the  diversion  chaniKl — Vymwy  secMidAry 
catchment  areas — Effect  of  silt — Ct^hbui's  rale — Artilicial  drainage — Imperrions 
catchment  areas. 

Collection  of  Watbr  from  Sources  othbk  than  Stream  Flow. — XiaiaAaw 
—Springs— Catchment  galleries — Dur«  sand  developments. 

Wells  in  Unifokmlv  Permeable  Strata.— Conditions  in  sand,  chalk,  and  gtantte 
— Permeability — Slope  of  ground-water  surface— Velocity  of  flow — Formolie  for 
circular  well — Catchment  gallery— Zifecl  of  the  siit  of  the  well — Variations  in 
permeability- Effect  of  the  welt  lining,  or  of  astream  orlalie  near  the  well— Spacing  of 
wells— Blowing  of  a.  welt — Natural  replenishment  of  the  well — Preliminary  studies — 
Correction  in  deep  beds  of  sand — Probable  yield  of  large  schemes — Reversed  fillets 
—Well  plugs— Mota  wells. 

Artesian  wklls. ^Practical  conditions — Thickness  of  peimeable  strata — Estimatioo 
of  probable  yield — Pemianent  diminution  of  yield — Quality  of  water — Tyiriol 
example — Geological  conditions  as  applied  to  individual  wells. 


NOTATION  FOR  RAIN-FALL  AND  RUN-OFF 

The  period  to  which  the  quantities  reii:r  is  denoted  by  a  suffix.  A  symbol  withoot 
a  suilix  lefeis  to  the  year.  All  quantities  are  expressed  tn  inches  d^ith  over 
the  catchment  area. 

SufBi  I,  1,  etc.,  refers  to  calendar  months. 

fl>,  refers  to  the  30  or  40  years'  mean. 

f,  refer*  to  any  period  in  general. 

c,  and  i,  refer  to  the  cold  and  hot  seasons. 


DigilzedbyGQOgle 


RAm-'FALL  AND-  RUl^OFF  T71 

1,  ud  w,  relcr  to  sumioei  and  winter.  . 

Capitals  are  occasionallr  u^d  when  two  periods  of  different  years  aie  contrasted, 
*f¥bfXf~\^  is  the  vegetation  and  evaponlion  loss  (see  p.   185)  during  the  period  /, 

ma  a  niniler  roraiiUa  gi*e«  Venneale's  v  (see  p.  219). 
tp-^  krtf-^- brxi  is  Bsed   to  denote   V|>,  when  the  change   in   temptsattire  during  the 

penod^,  is  too  great  to  pennit  the  simpler  form  to  be  used. 
A,  and  A.  (see  p.  321). 
c  (see  p.  aoo). 

3>i)  of  the  nttinth  considered.     While  •/«+<  is 
inoniti,  or  the  initial  depletiim  of  the  next,  and  the  meao 

depletion  dniing  the  month,  — — ^^i!  is  denoted  by  Dn. 

D,  2D,  3D,  as  suffixes  refer  to  the  driest,  two  consecutive  driest,  and  three  consecutive 

driest  years  of  a  long  period. 
t,  is  the  evapofatinn  bam  a  free  water  surface,  as  abaervod  in  meteondogical  i^Mertatoriei. 
E  (see  p.  190}. 
/,  is  the  ground  water  flow  as  calculated  on  the  assumption  that  kiy  =  Vy.     See  p.  tgo 

and  g,  k,  f,  «,  and  v. 
g,  is  the  water  flowing  out  fram  the  grouDdtton^e  to  the  stream,  aa  actual;  obMived 

(see  p.  187,  and  also/,  /,  and  u). 
*  =  ^(«ep,  190). 

r  D,  U  the 
U  the 

time  comidered,  when  &R,  is  calculated  hy  Veimeule'i  method. 
Aho,  AR— j~^,  and/—   -AR,  oq  the  assumptions  explained  under  these  symbpU.   , 
S,  is  the   maximum  depletion  ever  found  to  occur,  and  theoretically,  the  difference 

KuM-  Rubi  calculated  according  to  Vermeule's  rules  is  equal  to  S. 
S,  (see  p.  M3).  .      , 

I,  is  the  Bow  to  ground  storage  lirom  the  sur&ce  (see  p.  1S7). 
',  is  the  topogiaphic  flow  (see  p.  1S6). 
Neither  the  ?s,  g't,  nor  rs,  are  ever  obtained  by  calculation,  and  difTetent  symbols  are 

nsed   for  the  calculated  values  in   order  to   indicate  that  these  Tahies  are  only 

approximations. 
u,  is  foe  value  of  ^,  calculated  according  to  Vermeule's  rules.     See  g;  aitd/. 
r,  is  Venneule'svaluetrfa  +  Aifsce  p.  319),   , 
V,  is  the  vegetation  and  evaporation  loss, 
X,  is  tbe  nun-fall. 

y,  a  tbe  run-off.  ' 

Jo,  and  j;,  (see  p.  333). 
f,  is  the  rain'lall  toas.     i  =  x-r. 


CMecOoa  of  WKter.—Apart  from  a  few  somewhat  <Joubtful  exceptions,  alt 
fresh  water  occurring  in  nature  has  at  some  period  of  its  existence  fallen  as 
rain.  The  present  chapter  is  essentially  an  endeavour  to  deal  vi4th  the  foUovnng 
proUem.  The  area  of  the  surbce  drained  by  a  natural  stream,  or  artificial 
channel,  and  the  average  depth  of  rain  falling  on  this  surface  during  a  given 
period  being  known  from  actual  measurement  and  observation,  the  total 
volume  of  rain  water  falling  on  this  area  (which  we  shall  hereafter  term  the 
catchment  area  of  the  stream  or  channel)  daring  this  period  can  be  calculated. 
We  wish  to  determine  the  relation  between  this  volume  and  the  total  volume 
delivered  by  the  stream  in  the  same  period. 

No  precise  solution  can  be  given  ;  and  it  will  be  evident  that  the  feet  that 
the  problem  assumes  this  particular  form  is  in  reality  an  indication  that 
observations  of  the  discharge  of  the  stream  have  been  neglected.  Thusg  in  a 
strictly  scientific  sense,  the  &ct  ibat  85  pages  arc  devoted  to  a  consideration 
of  the  question  is  almost  discreditable.  In  practice,  however,  observations  of 
rain-bll  are  made  in  all  countries  for  many  yean  before  the  discharge  of  the 
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stieams  is  systematically  measured.  Hence,  engineers  are  obliged  to  consider 
the  question. 

Average,  or  Mbait  f^£y£.~The  conception  of  the  average  or  arith- 
metical mean  of  a  number  of  quantities  of  the  same  kind  is  familiar  to  all 
practical  men,  and  the  belief  that  the  average  value  of  any  quantity  common 
to  a  class  of  individuals  of  not  too  variable  a  character  {e.g.  individuals  of  the 
same  biological  species)  can  be  ascertained  with  sufficient  accuracy  for  practical 
purposes  by  selecting  a.  certain  number  of  the  individnals  at  random,  and  taking 
the  average  of  the  quantity  as  observed  in  these  individuals,  is  relied  on  in 
practical  life  to  an  enormous  extent,  since  it  forms  the  ultimate  justification  of 
sales  by  sample,  and  analyses  by  "quartering."  The  mathunatical  difliculties 
attending  any  proof  of  this  belief  are  very  great,  and  there  is  little  doubt  that 
in  some  cases  the  geometrical  mean  of  the  quantity  observed  in  the  samples 
is  a  fairer  representation  of  the  value  around  which  these  quantities  tend  to 
range  themselves  when  the  whole  class  is  considered.  In  practice,  however, 
a  sample  of  a  material  taken  at  random  is  usually  a  satisfactory  repres«itatioD 
of  the  sampled  material,  provided  that  the  bulk  of  the  sample  is  not  Wto  small 
relatively  to  the  total  bulk  of  the  material,  and  that  the  selection  is  one  made 
truly. at  random. 

Average  Valua.-^ln  considering  statistics  of  rain-fall,  stream  discbaige, 
or  other  quantities  observed  by  engineers,  the  problem  usually  presents  itself 
as  follows ; 

Let  Pi,  Pj,  .  .  .  .  Pn,  say,  represent  the  observed  quantities,  irfiere  N,  intB- 
cates  a  very  large  number,  say  10,000  if  the  symbols  represent  daily  vahies,  or 
100  if  the  symbols  represent  yearly  values.  The  difference  is  obviously  due 
to  the  fact  that  a  yearly  value  is  in  itself  a  mean,  or  total  (as  the  case  may  be) 
of  36s  daily  values. 

The  mean  value  is  :    ^■'':Zi+.^-:.  ■  +P'^  =  „p„  say. 


Where  n  is  any  number  less  than  N. 

What  is  the  relation  between  „Pn,  and  the  various  quantities  .P.,  .Pma 

As  a  matter  of  observation,  we  usually  find  that  if  n,  be  not  too  small  com- 
pared with  N,  the  quantities  are  very  approximately  equal  to  each  other.  This 
property  is  specified  by  the  statement  that  the  "  P's  "  vary  more  or  less  regulaily 
about  a  mean  value,  and  the  more  regular  the  variation,  the  smaller  the  value 
of  n,  required  to  secure  this  approximate  equality.  The  differences  that  still 
exist  between  nPn,  nPn.i,  etc.,  are  called  the  residual  irregularities. 

Meteorologists  have  a  belief  (it  is  not  more)  that  if  the  P's.'be  meteorologi<:^ 
quantities  observed  yearly,  n,  must  be  approximately  equal  to  35.  With  con- 
siderably less  justification  engineers  are  accustomed  to  assume  that  if  Fi 


ly  Google 


MEAIf  VALUES  173 

represents  the  tw«nty-fMir  hoar  ditduu^  of  a  stream,  n,  is  about  7  x  365,  li. 
a  senn  yeais*  record  will  raSicc. 

As  a  matter  erf  obserration,  we  alto  find  that  if : 

Then  also: 

^  P4+etc.  +  P.ui^  Pr+etc.4-P„T_i 
~  n  *  fl 

From  a  purely  philosophical  point  of  view,  the  whole  terie*  of  aaaumptions 
i«5ts  on  very  insecure  fotmdations,  and  il  is  quite  ponible  that  when  accurate 
statistics  of  300  or  400  years  are  available,  "century  long"  climatic  changes 
will  be  found  to  have  a  real  exiitonce.  At  present,  loo  years  of  accurate 
statistics  of  any  climatic  quantity  do  not  exist,  and  all  that  can  really  be  said 
is  that  sonwassaraptionmust  be  made,  and  that  the  possibilities  of  error  should 
be  indicated.  This  has  been  attempted  in  the  following  treatment  of  the 
subject. 

Dbfimttions. — We  define  as  follows,  all  quantities  being  expressed  in 
inches  depth : 

The  Rain-fall,  or  mean  annual  tain-fall,  is  the  mean  of  Ae  ansual  rain-&ll 
observed  over  a  period  which  is  sufiicieotly  long  to  produce  a  foiily  constant 
mean  value.  In  the  British  Isles  we  can  state  that  this  period  is  aboat  thirty 
to  forty  years,  and  that  the  probable  variation  of  this  mean  value  ii^.  the 
residual  trrcgularily)  iB±3*5  per  cent,  when  compared  with  the  mean  oi  another 
,  record  of  equal  duration  for  the  same  locality. 

The  Evaporation,  or  mean  annual  evaporation,  is  the  mean  value,  in  inches, 
of  tbe  depth  of  water  annually  evaporated  from  a  free  water  sutfact^  the  period 
of  observation  being  of  adequate  duration  to  secure  approximate  coostaocy, 
M  in  the  case  of  rain-fall. 

Tbe  Run-off,  or  mean  anoual  run-off,  of  a  catchment  area,  is  the  value  of 
the  annual  volume  of  water  discharged  by  tbe  stream  dndaing  the  area, 
expressed  in  inches  depth  of  water  over  the  catchment  area,  the  period  of 
observation  being  suflicicntly  long  to  secure  a  fairly  constant  mean. 

We  also  define  the  Rain-fail  lots  for  a  catchment  area,  as  tbe  diiference 
between  the  tain-fail  and  run-off  for  any  period,  both  being  measured  in  inches 
over  the  catchment  area. 

The  Percolation,  or  mean  animal  percolation,  is  the  depth  of  rain  water 
measured  n>  inches  that  annually  soaks  away  through  the  earth;  it  bdng 
presumed  that  the  period  of  observation  is  of  sufficient  length  10  secure 
approximate  constancy. 

As  yet  we  are  unaware  how  long  a  period  of  obscrvatiao  is  required  in  order 
to  produce  fairly  constant  mean  values  of  these  last  four  quantities  ;  although 
it  is  highly  prolxible  that  the  periods  are  less  than  those  fee  rain-fall  in  tbe  case 
of  percolation,  but  greater  for  evaporation  and  possibly  also  for  rain-fall  loss 
and  nm-off. 

Sintnxs  of  InformaHim, — Since  Uie  above  defined  quaiUities  vary  ^m  year 
to  year,  and  differ  for  every  locality  on  eardi,  it  is  impossible  to  give  aay  usefiil 
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table  af  tbeir  values.  Recoids  of  rain-faU  exiit  in  evny  civilised  country,  utd 
usually  a  very  feir  value  of  the  rain-fail,  and  a  less  accunte  one  (since  observa- 
tions of  these  quantities  arc  not  so  commooly  made,  and  have  general^  been 
recently  initiated]  for  evaporation  and  percolation,  is  obtainable  by  consulting 
such  records  as : 

Symons'  British  Raittfally  for  the  British  Isles.  The  public^ons  of  the 
United  States  Weather  Bureau,  and  reports  of  the  various  Meteorological  Offices 
for  their  respective  countries. 

I  have  tabulated,  and,  where  possible,  given  the  original  references  to  all 
published  values  of  the  rain-fall  loss  that  I  have  been  able  to  ascertain,  that  are 
based  on  anything  more  than  a  vague  assertion. 

FoT  run-ofT  statistics,  the  prihcipal  authorities  are  the  publications  of  the 
United  States  Geological  Survey,  which  refer  only  to  the  United  States.  For 
the  British  Isles,  no  complete  record  of  the  run-off  of  any  river,  except  the 
Thames,  has  been  published.  Many  must  exist  stored  away,  in  the  various 
waterworks'  and  engineers'  oflicei.  A  certain  amoi^t  of  infornution  on  the 
subject  (especially  values  for  yearly  run-offs)  lies  scattered  throughout  the 
Free.  Inst,  afC.E,,  but  it  is  small  compared  with  that  afforded  by  su{ch.pa,pers 
as  those  by  Fitsgerald,  on  the  Boston  Waterworks,  in  the  Trans.  Am.  Sac. 
of  C.E. ;  or  by  Freeman,  in  his  paper  on  the  "  Report  on  the  Water  Supply  of 
New.  York."  This  latter  work  is  a  model  example  of  the  proper  use  of  run-off 
statistics ;  and,  owing  to  Mr.  Freeman's  careful  discussion  of  this  record,  the 
poHsibilities  of  error  lenuining  even  in  the  case  of  such  compete  and  carefully 
handled  data,  are  clearly  shown. 

In  India,  most  of  the  big  rivers  are  gauged,  more  or  Ins  lystematicaUy, 
by  the  Irrigation  Department,  and  by  die  various  railways ;  and  for  such 
matters  >a  the  available  low  water  supplies,  the  information  is  usually  most 
complete. 

In  the  State  of  Victoria  (Australia),  Stuart  Uurray  has  instituted  a  very 
complete  system  of  run-off  records.  The  available  r!un-fall  records  are  not 
very  good,  so  that  from  the  present  point  of  view  the  figures  are  not  of  geoeial 
interest.  They  form,  however,  a  very  excellent  basis  for  all  projects  for  traler 
supply  in  Victoria,  and,  when  compared  with  the  available  British  tnfpnnation, 
are  highly  creditable  to  Mr.  Murray. 

My  own  experience  is  that  in  moat  capitals,  except  London,  a  fair  aiDount 
of  accessible  information  exists,  either  worked  up  ready  for  use,  or  in  the  form 
of  gauge  readings  ;  and  this,  in  conjunction  with  rain-fall  records  indicating^  the 
probable  years  of  high  and  low  values  of  rtin-off,  enables  a  very  fair  idea  oS  the 
capabilities  of  a  catchment  area  to  be  obtained.  .  . 

I  must  here  express  my  thanks  to  the  many  practising  engineers  in  countries 
as  far  apart  as  Australia,  Japan,  the  United  States,  and  Groat  Britain,  who  have 
favoured  me  with  copies  of  private  statements  of  rain-fall  and  run-c^.  The 
rules  put  forward  for  British  run-ofTs  are  avowedly  capable  of  improvement. 
If  1  can  obtain  a  careful  criticism  (even  though'  hostile),  supported  by  only  one 
hitherto  unpublished  record.  I  shall  feel  amply  rewarded 

^ofnyit/A—Theamonnt  of  discussion  devoted  to  this  subject  in  a  treatise  on 
Hydraulics  is,  in  reality,  a  measure  of  the  Bbsence,  or  non-acceSsibility,  of  long 
period  records  of  the  discharge  of  streams  and  springs.  It  is  to  be  hoped  that 
as  the  art  progresses,  discussions  on  die  variability  of  discharge  and  water 
yield  wilt  gradually  supersede  the  present  methods,  and  that  rain-fall  .vtUfinaUy 
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be  relegated  to  its  rightful,  and  subordinate  posrton,  which,  in  my  opitiion,  is 
bat  little  superior  to  that  of  the  local  temperature,  ob  influencing  the  daily  con- 
somption  in  a  town  water  supply,  or  the  duty  of  water  in  the  irrigation  of  nops. 

In  the  present  state  of  the  an  we  arc  forced  to  rely  upon  rain-fall  observations, 
not  so  miich  because  they  are  the  most  desirable  records  bearing  on  hydr«nlic 
questions,  but  because  they  are  one  of  the  few  requisite  observations  that  coil 
be  taken  by  an  intelligent,  but  untrained  man.  Owing  to  the  large  influence 
that  r«in  exerts  on  personal  comfort,  this  work  is  ondertaken  by  people  who 
otherwise  have  not  the  slightest  interest  in,  or  knowledge  of,  hydraulics.  Rain* 
&U  figures  indeed,  form  the  one  piece  of  definite  informatinn  that  the  non- 
eagineeiing  world  is  generally  able  to  give  the  hydratdic  engineer  when 
initiating  a  project.  He  therefore  accepts  it  gratefully,  and  uses  it  to  the  "best 
of  his  abilfly.  '  It  is,  nevertheless,  necessary  to  bear  in  mind  continually  that 
we  are  primarily,  and  almost  exclusively,  concerned  with  run-off  01  discharge 
statistics ;  and  that  to  neglect  these— even  when  approKimaiely  accurate — for 
rain-fall  records  of  far  greater  accuracy,  is,  as  it  were  "putting  the  cait  before 
the  horse." 

CUmate  aa  affiectinff  tiw  VariatjUi^  <A  Rata-Ul.— It  will  be  shown  later  that 
the  annual  rain-fall  in  any  locality  varies  from  year  to  year  within  certain  limits. 
These  variations  are  largely  determined  by  the  genera)  character  of  the  local 
climate,  and,  consequently,  it  becomes  necessary  to  broadly  define  the.types  of 
climate  that  intlnence  the  probable  variations. 

I  therefore  propose  to  classify  'climates  as  Insular  or  Continent^  The 
distinction  is  prinlarily  a  geographical  one.  Localities  close  to  the  oceans 
have  an  Insular  climate,  while  the  Continental  type  of  climate  occurs  dthM  in 
the  interior  of  Continents,  or  in  places  separated  from  the  oceans  by  high 
mountain  ranges.  - 

The  characteristics  of  the  two  types  are  well  known.  Continental  climates 
have  a  very  hot  sununer,  followed  by  a  relatively  cold  winter,  while  the  difference 
between  tie  mean  winter  and  summer  temperatures  in  an  Insular  climate  is  by 
DO  means  'so  marked,  and  in  some  cases  is  almost  imperceptible. 

In- the  Temperate  Zone,  the  climate  of  the  British  Isles  is  typically  IosqUf, 
while  the  Middle  United  States,  or  Sontbem  Russia,  possess  a  climate  of 
Continental  character.  The  dividing  line  may  be  very  practically  illustrated 
by  the  fact  that  an  Englishman's  wardrobe  does  not  usually  include  either 
fiirs  <tf  white  suits,  wlule  an  American  of  the  same  class  invariably  possesses 
both. 

So  also  in  Tropcal  R^ons,  such  as  the  Punjab,  fur  coats  are  common  in 
the  cold  weather,  while  in  the  hot  weather  punkahs,  or  electric  fans,  are 
necessities  for  Europeans,  and  are  appreciated  by  all  races.  The  contrast  with 
say,  Ceylon,  where  punkahs  or  fans  are  less  essential,  but  are  used  all  the  year 
round  by  those  who  can  employ  them,  is  very  marked. 

The  distinction  between  a  Tropical  and  a  Temperate  climate  is  somewhat 
difficult  to  define.  Geographically,  for  instance,  the  Punjab  is  not  in  the 
Tropical  Zone,  yet  the  temperatures  there  obtaining  are  surpassed  in  very 
few  localities,  and,  unless  1  am  mistaken,  these  are  also  entirely  extra 
Tropical,  get^raidiicaUy  speaking  {f.e.  the  Persian  Gulf  and  the  .  Solton 
DesertX 

From  the  point  of  view  of  an  engineer.  Tropical  climates  may  be  defined 
as  those  in  which  the  native  workman  is  unable  (daring  some  seasons  of  the 
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year  at  any  rate)  to  perfonn  hard  tnaauol  labour  continuoudy  dunog  the 
hottest  portions  of  the  day. 

In  ail  Tropical  climates  (cjtcspt  a  few  extremely  Insular  examples),  and  in 
most  Temperate  Continental  climates,  there  are  well  defined  nuiiy  seasons, 
usually  one  each  year,  but  in  some  cases  two.  In  such  iostancea,  the  majoc 
portion  of  the  lain-fall,  and  all  that  has  any  practical  influence  aa  the  nin-oli; 
occurs  during'  well  defined  periods  of  the  year,  usually  not  exceeding'  four 
maatha  in  length  ;  and  during  the  remainder  of  the  twelve  months  the  rain 
that  does  fall  is  insignificant  in  quantity  and  accidental  ift  occiurence. 

Generally,  it  may  be  stated  that  an  Insular  climate  is,  (comparatively 
speaking)  a  wet  one. 

A  prevalent  idea  exists  that  Tropkal  climates  are  mariccdly  wetter  than 
Temperate  ones.  This,  I  beliere,  is  principally  awing  to  the  fact  thsl 
European  habitation  in  the  Tropics  is  somewhat  closely  confined  to  islands  and 
sea  coasts,  possessing  Insular  climates.  So  &r  as  our  knowledge  permits  of 
any  wide  statement  being  made,  I  believe  that  when  the  areas  of  Tropical 
Continental  climates  are  as  extensively  inhabited  by  civilised  races  as  Tropical 
Insular  climates  now  are,  it  will  be  found  that  the  difierence,  if  it  exists,  is  but 
small.  At  present  it  can  be  definitely  stated  that  the  mean  rain-fall  of  all  India 
is  very  close  to  the  meaA  rain-fall  of  the  British  Isles,  and,  so  far  as  my  own 
studies  go,  I  believe  that  the  actual  distribution  of  rain  gauges  is  such  as  to 
under-value  the  rain-fall  of  the  British  Isles,  and  to  over-value  that  of  India ; 
although  I  am.  well  aware  that  the  gentlemen  who  prepared  the  estinntes  of 
mean  rain-falls  did  in  each  case  allow  fpi  this  possibility  of  error  to  the  best  of 
theit  atnlity. 

VariaUUfy  ofOu  Annual  Rain-fall,— K^  a  nutter  of  abservation,  the  foil  of 
rain  at  any  locality,  measured  in  inches  per  annum,  varies  firom  year  to  yeu. 
A  study  of  rain-fall  records  extending  over  periods  of  many  years,  such  as  enst 
in  England,  Europe,  and  the  United  States,  has  led  to  the  ccmclusion  that  the 
average  <A  the  yeariy  raiu'^all  tends  towards  a  constant  quantity,  as  the  number 
of  years  over  which  the  average  is  token  increases,  and  it  appears  that  (he 
average  of  30  to  40  years'  lain-feU  varies  but  little,  whatever  pcarod  of  30  to  40 
years  in  a  long  rain-fall  record  is  selected. 

The  exaa  Sgures  as  given  by  Honn  and  MiU  {P.LC.B^  voL  155,  P-  J^EX 


10  Years. 

„v«„. 

30  Years. 

4oYe«i 

Three     European 

Starions 
Five  British  Stations 

Per  cent. 
7'5 
47 

Percent. 

5'4     . 

Percent. 
a-6 

2-3 

Far  MM. 
"7 

While  Binnie,  (P.f.C.E.,  vol.  109,  p.  131)  gives  for  76  stations,  with  n 
i  an  average  length  of  53  years,  the  following  : 
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DEVIATIONS  FROM  THE  UEAN  VALUE  OF  THE  ANNUAL  RAIN-FALL 
DURING  THE  WHOLE  PERIOD  OF  THE  RECORD,  EXPRESSED 
AS  PERCENTAGES  OF  THIS  MEAN  FALL  FOR  EACH  LOCALITY ; 
WHEN  THE  PERIOD  CONSIDERED  IS  :— 


'    s 

10 

>S 

30 

"S 

30 

35 

1                                           Ycbh. 

1                                        1 

V«ws. 

Yairs. 

Yam. 

Ywn. 

Yean. 

1                                        i 
1  Uaxiiaum  positive 

i     denatioD  ,       .  1  23a 

^49 

g-a 

5-6 

7 '3 

5'2 

4'S 

demtioD  .        .  j  29:6 

i6-i 

13-5 

9-2 

90 

6-9 

47 

ATciasB      positive  | 

demtion  .        .  1  1535 

8-o8 

387 

3-47 

rs6 

2-17 

173 

Average     negative , 

deviation  .        .     14-52 

8-37 

564 

4-o8 

3-94 

2'36 

1-86 

deviation  .        .  |    6-8 

0-0 

Minimum  D^;ative , 

deviation  .        . !    7-8 

4'7 

0-8 

o-o 

Aveiage  deviation.     i4-9'3 

8-33 

477 

3-*7 

375 

3-26 

1-79 

These  stations  are  distributed  over  a  large  portion  of  the  globe,  and  may  be 
i^aided  as  including  Insular  climates,  both  Tropical  and  Temperate,  tog^er 
with  4  examplw  of  v^t  may  be  termed  Semi-continental  cliniates.  We  may 
therefore  consider  chat  these  figures  are  applicable  to  all  Insular  climates,  and 
probably,  with  a  fair  d^ree  of  accuracy,  to  all  except  the  extreme  Continental 
type. 

Tbe  resnhs  show  that,  even  in  so  short  a  period  as  1$  years,  the  average 
anonal  rain-&U  is  unlikely  to  differ  materially  from  the  average  values  for  a  long 
period,  such  as  40  to  50  years.  It  must  also  be  noted  that  such  short  period 
averages  are  more  likely  to  be  less  than  the  long  period  average  ef  ram-fall, 
than  in  excess  of  it. 

Binnie's  figures  also  indicate  that  the  average  deviation  may  slightly  increase 
if  the  peiiodeacceda  3s  years  ;  the  figures  being  : 

For  40  years  2'i6  per  cent 
„   4S  years  3*05       „ 
„    50  years  1*98       « 

Rain-fall  records  extending  for  periods  much  above  50  years  are  somewhat 
aoK,  and  statements  regarding  the  rain-fall  values  over  such  periods  are 
consequently  liable  to  error.  It  is  nevertheless  true  that  there  is  apparently  a 
cycle  in  rain-fall,  and  that  this  cycle  appears  to  have  a  period  approximately 
equal  to  36  years. 

Id  my  opinion,  the  actual  facts  do  not  permit  more  than  this  to  be  stated, 
and  the  cycle  is  one  which  refers  not  to  individual  rain-falls,  but  to  the  average 
of  3  or  4  consecutive  years. 
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We  consequently  define  the  mean  annual  rain>fall  of  a  locality  at:  The 
average  taken  over  a  Sufficiently  lengthy  term  of  years  to  ensure  a  fairly 
constant  value,  and  may  assume  ttiat  30  to  40  years  are  generally  an  adequate 
period. 

It  is  also  evident  that  if  we  have  a  rain-fall  recotd  of  say  10  to  30  yean, 
which  displays  a  fairly  close  relationship  for  this  period  with  the  rain-fall  at  a 
neighhouring  place,  where  a  long  period  record  exists,  it  is  only  a  matter  of 
simple  proportion  to  arrive  at  a  fairly  accurate  value  of  the  long  period  rain- 
fall for  the  first  locality.  In  practice,  in  the  case  of  places  fairly  close  together, 
and  separated  by  no  very  marked  natural  features,  such  as  a  range  of  hills,  or  a 
river,  this  proportional  relationship  holds  with  sufficient  accuracy  to  justify  its 
use  in  supplementing  actual  records. 

If  the  yearly  rain-falls  of  localities  distributed  all  over'  the  globe  arc 
studied  with  respect  to  their  absolute  magnitudes,  no  rule  is  disclosed.  If, 
however,  we  reduce  this  maze  of  figures  to  percentages  of  the  mean  annual 
rain-fall,  foreacb  locality,  a  very  striking  regularity  will  be  found  in  qearly  every 
case. 

These  rules  were  first  systematised  by  Binnie,  in  a  paper  on  "The  Variation 
ofR^n-laH"(P./.Cj&.,vol.  109). 

1  have  taken  the  figures  for  some  80  l<»)g  period  records  of  places  In  Great 
Britain,  selected  by  Mill,  {P.I.C^.,  vol.  155)  which  may  therefore'  be 
regarded  as  extremely  accurate,  and  find  that  the  rain-fall  of  the  wettest  of  a 
long  series  of  years  is  about  146  per  cent,  of  the  mean  1 

The  maximum  value  of  this  figure  being  about  170. 

The  minimiun  value  of  this  figure  being  about  125. 
The  rain-fall  of  the  driest  year  is  about- 66  per  cent  of  the  mean ; 

The  maximum  value  being  about  80  per  cenL  . 

The  minimum  value  about  55  per  cent. 
Similar  figures  for  the  average  rainfall  of  the  3  oHuecative  driest  ytui  are  ■■ 

75  per  cent,        86  per  cent.        and  60  per  cent, 
and  for  that  of  the.3  consecutive  driest  yeaia  i 

8a  per  cent.  87  per  cent.  and  64  per  cent 

1  have  been  unable  to  trace  any  relation  between  .the  variation  of  diese 
ratios  for  British  stations,  and  the  absolute  value  of  the  mean  annual  lain- 
fall.  I 

46  per  cent,  of  the  years  have  a  rain-fal)  above  the  average,  and  (he  average      j 
fall  of  these  years  is  1 19  per  cent,  of  the  mean  fall ;  while  the  remaining  54  per 
cent,  have  a  fall  below  the  average,  and  their  average  fall  is  83  per  cent,  of  the 
mean  fall. 

Also  periods  of  4,  5,  6,  and  even  9  years,  in  succession,  may  have  blls  less 
than  the  average,  and  the  average  annual  fall  of  such  a  period  of  dry  years  is 
about  82  per  cent,  of  the  mean. 

Binnie's  selection  of  records,  as  given  in  Table  VII.  of  the  abpve  paper,  was 
obtained  at  localities  distributed  all  over  the  globe;  and  the  ratios  ate  as 
follows.  Taking  the  mean  annual  rain-fall'as  above  defined,  as  too,  the  value 
of  the  riun-fall  in  other  years,  on  the  average,  is  given  by  : 
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Binnie  also  classes  his  stations  by  the  absolute  v^ue  of  the  mean  rain-fall. 
The  figures  fall  into  two  very  sharply  defined  groups,  over  so  inches  and  under 
10  inches  mean  rain-fall.    T\m  values  are  as  follows : 

I  Over  30  inches.  |i4o|  149 1 '32  I  "6 1  7*  I  7°  |6i|  5'"  j  "9  I  573.|83| 
I  Under  30  inches  I  13I175IU9I  '371  67  |  63  I51I  5-62!  139]  7-38 1  76) 

The  figmres  for  the  individual  localities  contained  in  the  abtive  table  are 
mnarkably  concordant,  and  Binnie  considered  that  the  only  exceptions  likely 
to  occur  were  those  disclosed  by  the  figures  concerning  rain-falls  of  less  than 
30  inches.  A  study  of  the  information  at  present  available  leads  me  to  extend 
and  slightly  alter  Binnie's  deductions.  The  variations  of  the  individual  annual 
rain-fidls  from  the  mean  rain-fall  are  of  the  order  of  magnitude  indicated  by 
Biimie^  figures  in  the  case  of  Insular  climates  only.  For  typically  Insular 
climates,  the  figures  given  for  the  British  Isles  and  N.W.  Europe  may  be  taken 
as  very  close  to  the  truth  for  all  pwrtions  of  the  globe.  For  Continental  climaies, 
however,  the  variations  are  larger,  and  the  ascending  scale  shown,  in  the  above 
table,  by  the  graduation  through  Italy,  France,  India,  and  Russia,  admirably 
jUtutrates  the  general  law.  Also,  Che  greater  the  absolute  magnitude  of  the 
rain-foil,  the  smaller  is  the  variation  (when  expressed  as  a  percentage  of  the 
mean  annual  rain-fsll) ;  and  via  vena,  the  smaller  the  absolute  magnitude  of 
the  rain-lall,  the  greater  the  percentage  variations.  1 1  will  be  seen  that  t  have 
been  led  to  attribute  more  influence  to  the  character  of  the  climate  than  to  the 
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absolute  value  of  the  rain-^l.  As  an  example,  the  following  figures  hold  for 
the  Tajii-&lls  of  the  years  1879-1908,  at  Amritsar  (Punjab),  which  possesess  a 
typically  Contineotal  climate,  and  a  mean  rain-foil  of  35*26  inches. 

Wettest  yeaiv-309  per  cent  of  the  mean. 

Average  of  two  consecutive  wettest  years — 237  „ 

Ditto,  of  three  consecutive  years — 214  „ 

Average  of  three  consecutive  driest  years — 3a  „ 

Average  of  two  consecutive  driest  years— 48  „ 

Driest  year— 34  „ 

Maximum  number  of  consecutive  years  with  a  fall  above  the  ittean— J 
Average  fall  of  these  years — 170  per  cent,  of  Che  mean. 
Maximum  number  of  consecutive  years  with  a  fall  less  than  mean— S- 
Average  fall  of  these  years — S4  P^^  cent,  of  the  mean. 
Similar  cases  exist  in  India,  where  the  averi^  fall  is  even  greater  than 
at  Amritsar,  and  several  stations  in  Siberia  and  China  show  even  laiger 
variations. 

Even  if  we  confine  ourselves  to  Insular  climates,  the  figures  given  by 
Grunsky  [Trans.  Am.  Sue.  of  C.E.,  vol.  61,  p.  498)  for  the  rain-fall  at  and  near 
San  Francisco  are  : 

e  the  mean. 

sihird  to  two-lifths  of  the  mean 
annual  rain-fall. 

The  probable  explanation  of  these  abnormalities  is  to  be  found  in  a  otmudeta- 
tion  of  the  geographical  distribution  of  rain-fall.  Amritsar  and  San  Fnmcisco 
both  lie  between  zones  of  comparatively  heavier  rain-&ll  (Orissa  with  59  inches, 
and  Oregon  with  8a  inches),  and  zones  of  far  lighter  rain-fall  (the  N.W. 
Frontier  with  8  to  10  inches,  and  part  of  Southern  California  with  3  to  5  inches). 
While  these  zones  are  explained  by  the  topographical  features  of  the  coonliy, 
a  study  of  large  scale  rain-fall  maps  shows  in  each  case  that  a  cmnpaiMively 
slight  deflection  of  the  rain-bearing  currents  would  produce  a  con»derable 
alteralios  in  the  absolute  fall. 

We  may  therefore  consider  Binnie's  ndes  as  generally  applicable,  but  it 
will  be  wise  to  await  further  studies  before  accepting  them  as  univeraally  true. 
Exceptions  are  most  Ukely  to  occur  where  the  locality  under  considuatioa 
possesses  a  dry  Continental  climate,  or  lies  geogispbically  between  regims  o( 
markedly  lower  and  higher  absolute  rain-fall  (see  also  p.  348). 

When  mathematically  regarded,  the  above  facts  are  conclusive  evidence 
that  a  yearly  rain-fall  sequence  is  not  a  maltei  of  chance,  in  the  seoie  that 
roulette  or  dice  sequences  are.  In  a  series  of  rain-tall  observations,  n^^ve 
variations  are  more  frequent  than  positive,  and  negative  variati<ms  (ia  dry 
years)  succeed  each  other  more  frequently  than  they  should,  if  chance  niled 
the  succession  of  wet  and  dry  years. 

Space  Variability  of  /taift-fq/i.—HAviag  discussed  the  variation  of  mean 
annual  rain-fall  in  time,  it  is  also  necessary  to  consider  its  variation  in  space. 
We  have  already  stated  that  the  rainfalls  of  two  localities,  close  to  ^ch  oth«', 
and  not  se[>arated  by  any  marked  natural  feature,  will  probably,  in  any  year  or 
series  of  years,  depart  from  their  mean  values  in  much  the  satne  frntportioD. 
But,  it  by  no  means  follows  that  their  mean  value*  are  likely  to  be  the  same. 
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As  a  matter  of  expenence,  in  the  British  Ides,  water-works'  CDgiacers  prefer  to 
ha*e  one  rain-gauge  to  about  every  looo  acres  of  gathering  ground ;  but  it 
DiDst  be  remembered  that  the  lain-Ml  of  the  British  Isles  (and  more  especially 
that  of  England),  varias  from  place  to  place  far  more  lapidly,  and  more 
patchily,  than  is  the  case  in  countiies  posscsaii^  topographical  features  on  a 
larger  scale.  The  usual  British  gathering  ground  being  a  deep  and  frequently 
a  winding  valley,  surronnded  by  high  MIk,  possesses  precisely  the  daracter  of 
surroundings  and  relative  elevation  required  to  accentuate  the  space  variatioa 
inmin-falL 

Thus,  in  countries  having  large  natural  features,  a  wider  spacing  of  rain- 
gauges  is  doabtless  pennissible,  but,  so  for  as  I  am  aware,  no  watersheds 
except  those  of  Great  Britain  have,  in  my  ofMnion,  bcoa  adequately  imtvided 
with  rain-gaugea,  the  ponible  exceptions  being  certain  cases  in  Prussia  and 

The  problem  of  the  selection  of  rain-gauge  stations  over  an  area,  so  as  to 
arrive  ai  a  distribution  which  will  approximately  represent  the  average  rain-fall 
over  this  area,  cannot  be  reduced  to  general  rules.  If  any  lecordi  already 
exist,  eidier  in  or  just  outside  the  area  considered,  valuable  indications  can 
be  obtained  by  plotting  these  stations  on  a  map,  and  drawing  "contour"  lines  of 
equal  lain-foll  (iso-hyetal  lines)  acmss  the  map.  Aa  a  rule,  these  lines  will  be 
found  to  be  connected  with  the  natural  features  of  the  country,  and  on  a  large 
scale  map  they  are  frequently  almost  undistinguishable  from  contour  lines  of 
equal  elevation  above  sea  level.  On  a  small  scale  map  this  relationship  is  not 
*o  mariwd,  but  it  is  frequently  found  to  be  of  assistance  in  plotting  the 
^proximate  iso-hyetals. 

The  iso-hyetals  being  plotted,  it  will  often  be  found  that  irregularities,  or 
indications  of  irregularities,  are  disclosed,  and  these  will  naturally  suggest  sites 
far  observation  stations. 

la  a  range  of  bills,  the  lain-faH  generally  increases  as  we  proceed  towards 
the  crest,  but  a  small  area  of  maximum  lain-fall  almost  invariably  exists,  not  at 
the  exact  crest,  but  a  little  below  it,  and  to  the  leeward  of  the  crest  in  relation 
(o  the  prevailing  rain-bringing  wind. 

In  ptains,  variation  in  rain-fall  from  place  to  place  is  generally  accidental, 
due  to  sumnter  thunder-storms  of  smalt  extent  in  respect  to  area,  which  not 
only  produce  shott  but  heavy  and  very  local  fails  of  rain  over  comparatively 
small  atcas,  but  tend  to  follow  the  track  of  the  first  storm  of  the  hot  season 
throughout  each  summer.  This  seasonal  tendency  should  not  be  confused 
wtdi  the  general  habit  of  thunder-storms  (whether  covering  a  small  area  and 
Mlowii^  a  sharply  defined  track,  or  covering  a  large  and  not  well  defined  area) 
in  an  undulating  country  of  following,  year  after  year,  some  natural  featnre, 
nnce  this  will  be  more  or  less  cleariy  disclosed  in  the  mean  summer  rain^fall 
recottls. 

In  a  hill  and  valley  conntry,  it  will  usually  be  found  that  the  floors  of 
namw  valleys  have  approximately  the  same  rain-fall  as  the  adjacent  hilla,  the 
diSerence,  if  appreciable,  inclining  towards  a  decrease  in  fall. 

Apart  from  this  exception,  and  the  one  mentioned  in  the  first  rule,  there 
is  a  general  and  undoubted  tendency  for  the  rain-fall  to  increase  with  the 
ahitnde,  bat  such  rules  as  have  been  proposed  seem  only  to  be  applicable  to 
limited  areas. 

The  above  statements  {dainty  indkalc  (hat,  unless  special  precautions  are 
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taken,  the  public  will  (as  a  rule)  establish  rain*gai^^  mostly  in  the  relatively 
di7  portion  of  any  area,  however  smalL  Thus,  the  engineer  should  always 
supplement  existing  gauges  by  stations  planned  on  a  systematic  basis.  This 
usually  entails  the  establishment  of  new  stations  in  comparatively  inaccessible 
positions,  but  gauges  adapted  to  hold  a  month's  heavy  rain-fall,  such  as  are 
now  procurable,  do  not  throw  much  labour  on  the  observing  staff,  and  if 
read  regularly  every  month,  give  sufficiently  reliable  information  for  snch 
supplementary  purposes. 

Having  thus  disposed  of  the  result  of  the  natural  topography  of  the  country, 

it  becomes  necessary  to  inquire  what  effect  small  irregularitie*,  oi  artificial 

features,  may  have  on  the  records  of  a  rain-gauge.     Here,  a  very  general  and 

comprehensive  rule  can  be  given.    Anything  likely  to  produce  eddies  in  the 

wind  near  a  gaugd  is  liable  to  canse 

erroneous  and  deficient  records,  and 

the  fewer  the  eddies,  the  more  accurate 

the  records  will  be. 

Thus,  the  neighbourhood  of  a 
steei^e,  a  tall  tree,  or  a  high  em- 
bankment, is  to  be  avoided ;  and 
shrubs,  trees,  etc.  should  be  removed 
at  least  their  own  height  from  the 
gauge.  Also,  a  gauge  should  not  be 
set  on  a  roof,  unless  the  roof  is  so 
large  that  the  eddies  produced  by 
its  edges  have  died  out  before  they 
reach  the  gauge. 

It  is  as  well  to  place  gauges 
situated  on  steep  hillsides  in  the 
centre  of  a  smalt,  level  platform,  irf 
say  6  feet  radius,  and  to  surround  the 
gauge  by  a  wall  about  a  feet  high, 
and  3  feet  distant  from  the  gauge. 

For  very  accurate  woric,  a  Nipher 
shield  (which  consists  of  a  large  wire 
gause  funnel,  3  feet  in  diameter,  with 
its  rim  at  the  level  of  the  lim  of  the 
gauge)  gives  very  good  results. 

1  append  Dr.  Mill's  dramng  of  a 
standard  Snowdon  gauge  (Sketch  Na 
45).  It  will  be  noticed  that  he  specifies  the  rim  ofthe  collecting  (tmnel  as  i  foot 
above  the  ground  ;  but  where,  owing  to  local  conditions,  this  elevatiui  is 
impracticable,  it  should  be  remembered  that  every  extra  foot  of  elevation  up 
to  9  feet,  produces,  roughly,  i  per  cent,  decrease  in  the  rain-fall  recorded. 
■  Accuracy  op  Rain-fall  Jiccoisoj,— Excluding  carelessness  in  botJcii^ 
or  measuring,  which  I  consider  to  be  more  frequent  than  is  believed,  the 
principal  sources  of  error  in  a  Snowdon  gauge  are  those  due  to  snow  being 
blown  out  of,  or  into  the  gauge.  A  valuable  check  may  be  made  by  measuring 
the  depth  of  snow  in  sheltered  places,  and  reckoning  12  inches  of  snow  as  equal 
to  I  inch  of  rain. 

A  special  waning  is  necessary  against  Glusher  gauges    These,  whca  out 
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Sketch  No.  45.— Standard  English 
R^n-gauge. 
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<rf  Older,  aire- liable  to  collect  more  rain  tfaan  has  fallen,  which  is  the  very  last 
thing  ao  engineer  wishes.  It. may  alio  be  noted  that  the  "tube  gauge,"  so 
coDUDOQ  in  India,  inll  usually  collect  more  than  the  actual  fall,  even  when 
in  order.  There  are  forms  of  rain-gauges  which,  when  out  of  order,  collect  less 
than  the  true  fall,  and  are  therefore  not  so  dangerous. 

Everything  considered,  it  is  believed  that  a  good  rain-foil  record  is  liable  to 
at  least  2  per  cent,  of  error  ;  and  it  is  probable  that  the  average  record  errs 
from  4.  to  6  per  cent.,  some  of  which  could  be  adjusted  if  the  whole  local 
conditions  of  the  gai^r*  were  known. 

HEATER  Ybak. — As  a  matter  of  cust(Mn,  r^n-f^U  records  are  usually  pre- 
pared, tabulated,  and  published,  according  to  calendar  years.  From  an 
engineer's  point  of  view  this  is  somewhat  awkward,  since  the  water  year,  or 
period  of  time  during  which  the  total  run-off  is  most  closely  related  to  the  total 
rain-£all  rarely,  if  ever,  coincides  with  the  calendar  year. 

It  is  usual  to  assume  that  the  water  year  should  begin  when  stream  flow 
is  at  its  minimum,  and  should  end  at  a  similar  period  next  year. 

Tbe  minima  of  aiream  flows  do  not  succeed  each  other  at  rigid  intervals 
of  13  months,  far  less  365  days;  but  over  a  long  period  of  yean,  it  will  be 
apparent  that  a  month  can  be  sdected  during  which  the  minimum,  or  nearly 
the  »nmiimiiH^  genorally.  occurs.  If  the  rain-fall  and  run-oS'  are  tabulated  by 
years,  starting  with  this  month,  or  the  next  succeeding  one,  it  will  be  found  that 
the  connection  between  these  quantities  is  more  regular  than  when  they  are 
tabulated  by  calendar  years. 

Sacfa  a  month  is  easily  selected  in  any  given  place,  as  for  example  : 
In  the  British   Isles,  and  the  Northern  United  States,  it  is  September  to 
Octobei^     In  Northern  India,  it  is  May. 

The  above  statement  as  to  the  beginning  of  the  water  year,  may  at  first 
nght  appear  erroneous.  I  am  of  the  opinion  that  if  the  period  at  which  the 
water  stored  np  in  the  ground  (see  p.  188)  is  at  a  maximum  could  be  definitely 
observed,  the  relations  of  run-^l  and  run-off  for  the  intervals  between  these 
maxima  would  be  more  constant  than  for  any  other  period.  The  difliculty 
lies  in  the  &ct  that  these  maxima  are,  so  far  as.  present  inforniation  exists, 
•otnewhat  more  irregular  in  time  than  the  minima  of  stream  flows,  and  are 
less  easily  observed. '  The  error  introduced  by  the  selection  of  a  date,  say  a 
month  distant  from  the  actual  moment  of  the  maximum  ground  water  storage, 
is  considerably  greater  than  that  caused  by  a  month's  error  in  the  date  of 
nunimiiin  stream  flow.  Consequently,  while  agreeing  that  the  date  of  maximum 
storage  oi  ground  water  has  theoretical  advantages,  I  believe  that  the  time  of 
minima  stream  flow  is  pt:actically  more  useful  as  a  dividing  line  for  the  rain-fall 
and  nin-off  years. 

VAXiATioii  OF  THE  Rain-fall  oyER  THE  Year.  —  So,  far  we  have 
regarded  the  year  {whether  calendar,  or  water  year),  as  our  unit  of  time. 
From  a  practical  engineering  point  of  view,  this  is  too  long  a  period,  as  when 
water  suppliee  fail  it  is  but  little  consolation  to  discover  that  the  total  volume 
floinng'  dturing  the  .year  would  have  sufficed  if  it  had  been  equally  distributed. 
We  ai«  thus  face  to  &ce  with  the  fact  that  however  variable  tbe  annual  fall  may 
be,  that  of  periods  of  less  than  a  year  is  even  more  sa 

Many  Mudles  have  been  made,  and  in  a  given  locality  it  is  possible  to  state 
jhat  a  certain  period  of  tbo  year  is  usually  the  wettest,  or  tbe  driest,  as  the 
caHnaybQ;  butin  each  individual  twelve  moDlfas  the  variations  are  such 


ly  Google 


i84  CONTROL  OF  WATER 

that,  mtb  very  few  excepticms,  the  stUementS'  are  useleu  for  practical  piupoaes. 
For  an  o^neer's  requirements  therefore,  the  best  that  can  be  doae  is  to  split  np 
the  year  into  periods  during  which  tbe  relations  between  rain-&ll  and  rus-off 
are  markedly  different 

The  calendar  month  is  usually  employed  for  purpoies  of.conveniance,  but  it 
is  fttr  too  short  for  practical  use.  In  tbe  Britiah  Isles  a  satisfactoiy  division  is 
OS  follows : 

In  the  winter  months  (roughly  December  to  April)  a  very  large  propoition 
of  the  rain-fall  appears  as  runnsff,  while  in  the  summer  raoMhs  (roughly  Hay  to 
November)  tbe  proportion  appearing  as  nsi-off  is  but  small.  In  the  Northern 
United  States,  where  tbe  climatic  differences  are  more  marked,  the  following 
threefold  division  has  been  used  with  advantage  : 

Storage  period,  (roughly  December  to  May). 

Period  of  vegetation  growth,  (roughly  June  to  August). 

Replenishing  period,  (roughly  September  to  Novembei^, 

In  climates  such  as  that  of  the  Punjab,  wo  have  i  The  winter  dry  season 
(approximately  October  to  May),  when  very  tittle  niit-  Sails,  and  irtien  that 
which  does  occur  is  practically  without  influence  on  the  nm-offi  In  Ae  monsoon 
or  rainy  season  (approximately  June  to  Septe<nber)t  ajttKtM  the  whole  of  tbe 
year's  fall  occurs,  and  the  year's  run-off  depends  entirely  upm  this  ntonsoon 
fell. 

A  similar  division,  varying  only  in  regard  to  the  months,  holds  in  nurtfaU 
tropical  climates,  although  in  some  cases,  (fbr  example^  Ceylon,  and  S.W.  IwUa) 
there  are  two  wet,  and  two  relatively  dry  seasons  in  each  year^ 

These  divisions  cannot,  however,  be  considered  as  mote  than  Appnmjmate. 

The  exact  line  of  demarcation  will  be  found  (if  the  records  are  of  soflident 
length)  to  oscillate  from  year  to  year  over  a  period  of  as  mach-  as  diree-  mondis, 
and  it  is  a  matter  of  commori  knowledge  that  "  Tte  weather  ef  each  year  is 
abnormal  in  some  rcspecl."  Thus,  it  may  be  inferred  that  at  least  every  fourth 
or  fifth  year  must  be  abnormal  as  regards  its  rain-&t1. 

COWNKCTION  BETWEEN  RaIN-FALL  ANTi  RUS-OTT. — Th&  natnic  of  tbe 
rdatton  between  the  rain-feil  on  a  catchment  area,  and  the  discba/ge  o*  die 
stream  draining  that  area,  is  best  realised  by  a  getteral  consideration  of  the 
manner  in  which  the  water  which  is  produced  by  the  t&in-foll  is  dlspoaed  of. 

When  r^n  falls  on  a  land  surface  it  first  wets  the  upper  soil,  and  it  it  only 
after  this  has  become  to  some  extent  saturated  that  water  appears  in  a  visible 
form  on  the  land  surface.  This  visible  water  ct^lects  in  small'  uicklBc,  and 
runnels,  and  flows  towards  the  stream  channels  ;  but  as  it  flows,  a  ctttaia 
portion  of  it  soaks  into  the  ground.  Thus,  from  tbe  very  start,  we  have  a~  two- 
fold division  of  the  rain,— that  absorbed  by  the  earth,  and  that  which  [Hoceeds 
direct  to  the  stream,  without  being  absorbed. 

The  fate  of  the  absorbed  water  nOw  requires  consideration.  A  certain 
portion  is  consumed  by  vegetation,  and  a  fbrther  amount  is  evaporated  from  flie 
damp  surface  of  the  soil  by  the  air ;  tbe  remainder  slowly  sods  Hlto  peraaeaMe 
beds  underlying  the  surface,  and  Ts  Anally  removed  from  the  infhKnce  of 
vegetation  or  surface  evaporation. 

The  ultimate  bte  of  this  last  portion  depenik  on  the  geoIogicBl  strBctmr  oi 
the  catchment  area.  As  a  rule,  we  may  assume  that  it  finally  leaks  awny  to 
the  stream  draining  the  area,  although  the  existence  of  siA:h  plMno««f«  as 
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artesia»  imHs  is  safficicnt  to  show  <&>aX  exceptionR  occur,  and  that  in  some  casos 
this  ground,  or  subsoil  water,  never  again  comes  to  the  surface,  but  escapes  by 
andergTound  passages  (not  neceBsarily  larger  than  pores  in  the  rock,  gravel,  or 
sand  beds)  to  the  sea,  or  possibly  into  the  interior  of  the  earth. 

We  tfaersfbre  see  that  the  rain  is  finally  dbposed  of  in  ooe  or  other  of  four 
forms: 

(i)  Utilised  by  vegetation, 
(ii)  Evaporated  from  the  surface  of  the  catchment  area,  either  from  the 

earth,  or  from  bodies  of  water  included  in  the  area, 
(iii)  Appears  in  a  time,  measured  by  days  at  the  most,  as  stream  Row. 
(iv)  Soaks  into  the  ground,  and  either  appears  : 

(tf)  In  a  time  that  may  be  measured  by  months,  or  even  years,  as 

stream  flow,  or : 
(^)  Seeps  away  through  underground  channels. 

The  nin-off  is  plainly  the  sum  of  (iii),  and  (tv),  and  in  the  normal  catchment 
area  (iv)  (^),  does  not  exist,  so  that  cimsidered  over  a  sufficiently  long  period 
the  rain-fall  loss  is  the  sum  of  (i),  and  (ii),  only.  But,  over  a  short  space  of  time 
the  rain-fall  loss  is  influenced  either  positively,  or  negatively,  by  (iv)  (a).  The 
effect  of  (iv)  {a),  may  be  compared  to  that  of  an  invisible  reservoir  which  at 
certain  seasons  temporarily  increases,  and  at  others  diminishes  the  stream 

Let  us  now  consider  each  of  these  &ctors,  and  express  the  volumes  of  water 
wluch  are  thus  disposed  of,  in  inches  depth  over  the  catchment  area  : 

(i)  The  quantity  of  water  ctmsumed  by  certain  species  of  vegetation  is 
detailed  on  p^e  334,  and  these  figuna  may  be  assumed  to  include  the  evapona- 
tioD  from  earth  surfaces  which  are  sufficiently  damp  to  cause  such  vegetation  to 
flourish.  We  can  therefore  assume  that,  on  the  average,  during  any  division 
of  the  year  (the  term  division  being  used  indefaultof  anything  belter  to  express 
a  period  during  which  the  demands  of  the  vegetation  do  not  vary  sufficiently  to 
prevent  an  average  value  from  representing  its  effect  with  practical  accuracy), 
the  rain-faU.  lots  under  this  head  as  approximately  represiuited  by  a  term  such 
as«V 

(ii)  The  effect  of  surface  evaporation  is  partly  included  in  a  term  similar  to 
the  above  quantity  d'p.  It  is  evident  that  the  greater  the  run-fall,  the  damper 
tbe  earth  becomes,  and  the  more  numerous  will  be  the  puddles  and  other 
shallow  bodies  of  water  exposed  to  evaporation.  The  loss  by  evaporation 
during  a  given  division  of  the  year  is  consequently  represented  by. a  term  of 
the  form  a',+i'prp;  where  jr,  represents  the  rain-fall  during  the  period 
considered. 

Thus,  the  first  two  causes  combined  may  be  regarded  as  producing  a  loss 
represented  by  tip-^bfXp.  Now,  both  a,  and  4,  depend  on  the  temperature,  the 
amount  of  sunshine,  the  manner  in  which  the  rain-fall  occurs,  (i.e.  in  short  storms 
or  loi^  drizzles,  etc),  the  movement  of  the  air,  etc.,  infect,  upon  all  the  meteoro- 
logical circumstances  united.  On  the  average,  it  may  be  said  that  a,  and  b, 
are  mainly  dependent  on  the  mean  temperature  during  the  division  of  the 
year  under  consideration.  Bearing  in  mind  that  while  growing  vegetation 
to  a  certain  extent  stores  up  water  in  its  tissues,  it  disposes  of  at  least 
90  per  cent  of  the  liquid  by  evaporation  from  its  leaves,  it  may  ba  safely 
1  th^  a,  and  ^  art  dependent  on    the  temperature  in  a  manner 
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approximately  similaJT  to  that  in  wbich  the  vapour  pressure  of  water  »  alfected 
by  the  temperature. 

Now,  the  relation  between  the  temperature  and  the  vapour  pressure  of 
water,  is  not  even  approximately  a  linear  ooe.  An  examination  of'  the  curve 
expressing  the  conneclion  as  plotted  in  Sketch  No.  46  shows  thiit  a^  aod  bf, 
can  only  be  considered  as  even  approximately  proportional  to  the  durati<w  of 
the  period  if  the  division  of  the  year  denoted  by  the  suffix  p,  is  so  selected 
that  the  temperature  of  the  water  which  wets  the  surface  soil  and  is  utilised 
by  plants  never  differs  materially  from  the  mean  temperature  of  the  whole 
period  during  any  portion  of  the  interval  denoted  by^. 

For  the  sake  of  brevity  I  propose  to  term  the  total  loss  prodticed  by 


vegetation  and  evaporation  the  Vegetation  Loss,  and  to  denote  it  by  V,.  We 
are  justified  in  assuming  that : 

if  the  weather  during  this  division  of  the  year  is  such  that  the  mean  tempera- 
ture can  be  regarded  as  in  dose  coiwection  with  the  probable  total  ecaporation 
during  the  period.    If  this  is  not  the  case  : 

Vp  =  ap+Vii+<''^'  +  «c. 

whei^  the  suffixes  g,  r,  etc,  refer  to  less  lengthy  divisions  of  the  year  during 
which  the  momentary  temperature  varies  but  little  from  the  mean  temperature 
of  each  sub -period. 

(iii)  The  quantity  of  water  that  flows  diiecdy  to  the  river  or  stream  dnuniac 
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tbe  catdnKnt  area  can,  for  conciieness,  be  called  the  topographical  flow,  and 
is  denoted  by  tp. 

(iv)  The  quantity  that  soaks  into  the  strata  underlying  the  catchment  area, 
and  is  there  tempoiarily  stored  up  in  the  foim  of  ground  water,  can  be  called 
the  Stored  Rain,  and  is  denoted  by  s^. 

Thus,  we  have  : 

■^p  =  Op^biXt-Vtp-VSp 
or :    Rainfall  =  Vegetation    loss  +  Topographic    flow  +  Rain  stored    in    the 
gnmnd.    (See  Sketch  No.  47.) 

Case  I. 

-X 


^^-^ 


SurCK  No.  47. — Dugnun  altomiiE  Relations  between  R«iD-faU,  Ground 
Stoiage,  and  Kun-ofT. 
Tbe  two  diagnmi  uedrawnso  aS't«'rei«<efielit  the  dispoeU  of  2'S  inchei  of  lain 
and  ihosuiiiiltaBeouspcodactiaaof  »  iun-o£[ot  i-4iach. 
In  Caae  I. — V  =  o"7  inch ;  j=  i"4  inch  ;  and  /=o"4  inch. 

Thai,  g=  1  inch,  and  the  water  stored  up  in  the  ground  is  incroised  I^  0*4  inch. 
In  Ca»e  II. — V  =  I'iS  inch;  ^=075  inch;  /=o-sinch. 
Thoc,  g=iVti  inch,  and  foe  water  stored  lip  in  (be  ground  is  depleted  by  0*15  inch. 

The  run-off  is  plainly  composed  of  the  two  following  portions : 
(4)  Tbe  topographic  flow  /„  and, 

{i)  A  contribution  from  the  water  stored  up  in  tbe  groond,  which  *«  shall 
teim  the^nmod  water  flow,  and  denote  by^^ 

ThMf^^^^-f^^and^ieconnKtioi!  betweea^^  and  f^  is  not  very  evident 
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for  Sy,  is  the  quantity  of  water  su|^lied  to  the  invisible  reseiroir  formed  by  dit 
permeable  strata ;  and  g^  is  the  leakage  from  this  reservoir  into  the  streani 
channels. 

I^ow,  gr  is  usually  not  equal  to  Sp,  and  all  we  can  definitely  state  is  that  if  R, 
represent  the  total  quantity  of  water  stored  in  the  permeable  strata,  then : 

where  ARp,  represents  the  positive  increment  of  R,  during  the  period  p,  and 
AR],  may  be  a  negative  quantity. 

Thus,^p  =  tf-Vgp  -  Xf-{aj,-^b^^-Sf^gr 

Or :  Run-off  =•  Rain-fall — Vegetation  loss — Increment  of  ground  storage. 
And  Bp=ap+*i,^p-|-AR|,=Vp+aRp 

The  form  deserves  careful  notice.  The  it's,  and  ^s,  are  dependent  upon  die 
quality  of  the  vegetation,  and  on  the  meteorological  characteristics  of  the 
period,  i^.  on  the  climate  in  its  most  general  sense.  But  ARp,  is  influenced 
by  the'volume  of  the  permeable  strata  forming  the  invisible  ground  water 
reservoir,  and  by  the  quaatily  of  water  stored  up  in  them.  Thus,  while  a,  and 
bx,  depend  upon  the  climatic  circumstances  of  the  period  under  considers. 
tion,  ARp,  is  almost  exclusively  dependent  on  the  geological  structure  of  the 
catchment  area,  and  upon  the  rain  stored  up  during  all  preceding  periods  of 
time  ;  the  effect  of  each  preceding  period  diminishing  as  we  work  backwards 
from  the  division  or  season  of  the  year  to  which  the  equation  refers. 

Now,  ARp,  being  the  increment  of  the  volume  of  the  water  stored  up  in 
the  ground,  is  plainly  equal  to  the  ratio  of  the  area  of  permeable  strata  to  that  of 
the  whole  catchment  area  multiplied  by  the  average  rise  or  fall  of  the  ground 
water  level  over  thispermeablearea,  multiplied  by  the  percentage  of  void  spaces 
in  the  permeable  strata.  As  a  matter  of  observation,  the  ground  water  level 
oscillates  up  and  down  during  the  year,  performing  cyclical  variations  about 
its  mean  level,  and  is  found  year  after  year  to  follow  a  furly  definite  seasonal 
course.  Thus,  we  may  say  that  AR,  approximately  vanishes,  or  that  the 
increment  of  water  stored  up  during  any  water  year  is  either  nothing,  or  is 
comparatively  speaking  small. 

Thus,  over  a  year,  j'=j-— (a+*j:),  and  still  mote  accurately,  if  we  consider 
a  long  term  of  years,  it  will  be  found  that,  j'B,=a'm— (am+iw**). 

The  assumption  is  best  illustrated  by  examples.  In  an  area  which  is 
underlain  by  granite,  or  other  compact  rocks,  the  maximum  variation  of  R, 
when  taken  between  the  highest  and  lowest  vahies  of  the  year,  rarely  attains 
1  inch,  as  is  illnttiated  by  the  Nagpui  catchment  area  (see  p.  346). 

In  a  chalk,  or  sandy  area,  the  maximum  variation  of  R,  during  any  year 
may  amount  to  as  much  as  6,  or  J  inches ;  and  in  some  cases  R,  has  been 
observed  to  increase  as  much  as  30  inches  in  a  period  of  five  years.  The 
value  of  AR,  t.e.  the  total  change  in  R,  during  a  year,  is  of  coarse  less  than  - 
these   values,  and   abnormal  years  apart,  is   not  more  than  one-third   of  the 


The  matter  is  of  importance.  In  England  we  are  ftiirly  well  aware  that 
over  a  period  of  three  dry  years  s„,  is  approximately  equal  to  14,  or  ij  inches 
in  impermeable  areas.  But  values  as  high  as  20  or  31  indies  have  been 
dbserved  during  a  period  of  three  yeania  penneable  arwa,  for  which  <■, 
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taken  OT«r  a  long  period,  does  not  greatly  exceed  I?  or  18  iocbes.  We  m«y 
tbcrefott  c«a*ideT  that  in  these  caws  a  qtumtity  of  water  equivaknt  to 
9  or  13  inches  is  temponriLy  stored  i^;  so  that  the  value  of  AR,  for  eacb  year 
is  aboat  3  or  4  inches. 

In  cntain  chalk  districts,  a  series. of  6  or  7  dry  years  appears. to  prgdnoe  a 
depletion  of  R,  eqnivalent  to  18  or  oo  iachee  at  least,  and  this  is  probably  re- 
plenished during  the  following  pbriod  of  wet  years. 

It  is  therefore  plain  that,  so  far  as  eluninatiog  the  influence  of  ARp,  is 
concerned,  accuracy  is  best  attained  by  considenng  as  lengthy  ptfiods  as 
possible.  But  since  O/n  and  if,  aie  both  hiAuenced  by  ibe  .teropecatute  (and 
other  meteorological  quantities),  the  longer  the  periods  canHJdcsed  as  units, 
the  less  acconue  their  estimation  -  becomes.  As  .a„  and  ip,  are  not  linaar 
functions  of  the  temperature,  it  is  impossible  to  express  them  0¥Br  a  long 
period  even  as  fonctions  of  the  mean. temperature. 

The  cotTcct  selection  of  the  unit  period  therefore  becomes  a  diflicult  matter. 

For  general  studies  a  year  possesses  certain  advantages,  since,  (except  Ihe 
year  be  either  abiujnnally  dry,  or  wet)  we  may  assume  ihat  the  gronad  water 
storage  is  approximateiy  the  same  at  the  same  periods  of  successive  years 
Thus,  over  a  year,  and  more  especially  over  a  water  year,  we  find<that : 
y'=x  —  ii~bx,      or,  t=a-\-6x 

This  equation  holds  very  fairly  well  in  practice,  although  in-  climates 
where  a  well  marked  cold  season  (winter),  and  a  well  marked  ,bot  spa&op 
(summer)  exist,  greater  accuracy  can  be  assumed  by  using  the  equation  : 

where  x^,  is  the  summer,  and  x,„  the  winter  rain-fall. 

The  possibilities  of  error  in  the  above  equations  are  obvious.  The  assump- 
tion is  that  the  sum  of  at  least  a  dozen  terms,  erf  the  form 

iijr,+*^,-|-etc.+*i»Ti„  may  be  replaced  by  a  single  term  6x, 

where  x^jri+jri+etc  .  .  .+^11, 

or  by  two,  d^,+S^t^ 

where  jr,-|-jr„=.j-i-(-etC.+.rii, 
where  the  ^  are  independent  of  the  relative  inagnitudeB  of  jCi  and.i:„>etc.,aBd 
this  is  obviously  inaccurate.  All  that  can  really  be  said  is  that  at  least  twelve 
years'  careful  observations  would  be  required  to  obtain  the  constants  used  in  the 
theoretically  more  exact  form.  Preliminary  studies  of  such  magnitude  are 
impossible.  As  will  be  shown  later  (see  p.  232),  when  the  catchment  area 
contains  a  reservoir  of  a  size  adequate  to  equalise  the  run-off  during  the  drier 
years,  the  assumptions  are  sufficiently  accurate  for  practical  purposes. 

The  assumption  regarding  AR,  cannot  be  regarded  as  more  than  a  first 
apptoiti nation.  The  ground  water  reservoir  is  apparently  (in  an  average 
case)  capable  of  temporarily  storing  up  a  quantity  of  water  equivalent  to  as 
much  as  5,  or  6  inches  (reckoned  over  the  whole  catchment  aicaX  and  after- 
waids  delivering  it  to  the  stream.  Even  if  the  water  year  is  taken  as  the  unit 
period,  it  appears  that  after  a  wet  year  at  least  one-third  of  this  volume  may 
be  retained  in  the  ground,  and  passed  on  to  the  succeeding  year.  In  a  dry 
year,  an  extra  diction  of  about  one-qoarter  may  ocpur,  which  has  to  be 
made  up  in  the  following  year.  Thus,  from  this  cause  ^one,  difTerance*  of  i, 
or  even  3  incbea  may  arii>e,  in  the  yearly  run-off.    These,  in  the  ca(ie  of  a 
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catchment  area  <rf'sinatl  mean  nin-off,  bat  of  lu^inTisible  storage,  may  amooDt 
to  as  much  as  6,  or  8  per  cent,  of  the  annual  lun-otT.  On  the  average,  however, 
the  effect  is  not  so  great,  but  an  error  of  j,  or  lo  per  cent,  is  quite  possible,  and 
may  be  expected  after  abnonnally  dry,  or  wet  years.  This  error  may  be  IncreaMd 
to  lo,  or  i;  per  cent,  if  there  are  two  abnormally  dry  or  wet  years  in  succesnop. 

For  studies  of  individual  catchment  areas,  which  do  not  contain  reserroirs 
for  water  storage,  wc  would  naturally  consider  the  day  as  a  onit.  This  is 
impossible,  and  the  calendar  month  is  the  smallest  period  for  which  any 
practical  rules  can  be  given.  It  will  be  plain  that  a  calendar  month  is  an 
artificial  division,  and  that  it  does  not  accurately  define  the  climate  of  the 
period.  Thus,  better  results  may  be  expected  if  a  reservmr  exists  in  the 
catchment  ««a  which  is  lai^  enough  to  permit  a  consideration  of  seasonal 
periods  only  (such  as  are  mentioned  on  p.  1B4). 

On  page  3i8  I  give  Vermcule's  investigation.  This  method  requites  a 
very  large  amount  of  preliminary  study  before  it  can  be  practically  applied. 
The  following  method  obviously  departs  considerably  from  the  truth,  bnt  it 
ntiiises  observations  which  can  generally  be  completed  before  the  final  designs 
are  made.  I  therefore  put  it  forward,  not  as  a  complete  solution,  but  as  the  best 
that  can  be  obtained  under  ordinary  practical  circumstances. 

We  assume  the  following  quantities,  relating  to  the  catchment  area 
considered,  as  known : 

(i)  The  lain-fall  loss  for  tme  year  at  least,  and  that  this  has  been  cotreaed 
for  the  nett  ground  water  storage,  or  depletion  during  the  year,  by  observations 
on  the  ground' water  level,  taken  at  as  many  points  as  are  possible.  This 
we  call  *.    Put  *p=Xf—yp,  for  each  division  (month,  or  season)  of  the  year. 

(ii)  A  series  of  observations  on  evaporation  from  a  free  water  surface  such 
as  are  made  at  most  large  meteorological  stations,  for  as  many  years  as 
practicable,  at  a  locality  under  as  nearly  as  possible  the  same  climatic  condi- 
tions as  those  of  the  catchment  area.  Let  the  sum  of  these  for  the  year  under 
consideration  be  denoted  by  e. 

Take  the  ratio:  k='.  Then,  I  assume  that  the  term  'V,=-ap+ifXf,  for 
any  period  fi,  can  be  represented  by  kep,  where  tf,  is  the  total  free  water  snilace 
evaporation  for  that  period.  Thus,  for  every  division  of  the  year  for  wlucb 
observations  are  takoi,  we  can  find : 

where  plainly  tJ^  represents  a  nett  flow  of  water  from  the  ground,  if  t^^  he 
greater  than  Zp,  and  a  nett  storage  of  water  in  the  ground  if  ktp,  be  less  than  ::„ 
and  if  my  assumption  be  true  : 

Thus,^  depends  on  the  geological  siruciure  of  the  catchment  area,  rather  than 
.on  the  climate. 

For  the  same  period  of  any  other  year,  we  have  Xp,  the  observed  rain-lall. 
and  En  the  observed  free  water  surface  evaporation,  and  we  assume  that  VV 
the  run-off,  is  given  by  : 

where  ^  is  the  value  obtained  for  the  same  period 'of  the  year  during  which  the 
run-ofTwas  observed. 

The  method  is  subject  toone  obvious  error.   While  Ap,  and  Bp,  the  valuesof«r> 
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and  h^  for  the  fractional  period  of  the  year  now  conudered  are  {Hobably  propor- 
tional to  Ep,  we  may  be  fairly  certain  that  if  Xp,  differs  to  a  marked  extent  ftom  Xt, 
Ap+B,X„  will  differ  somewhat  from 
*E„  which  is  probably  fairly  close  to  A^+Bp^p 
Tliis  is  the  more  likely  t>ecause,  while  rain-fall  does  not  in  itself  have  much 
apparent  influence  upon  evaporation,  heavy  falls. are  usually  attended  by  cloudy 
weather,  and  the  diminution  of  sunshine  t)i us  produced  will  decrease  evaporation, 
while  the  term  Ap-t-BpXp  is  probably  increased.    (See  Sketch  No.  48.] 

The  method  is  useful  for  the  preliminary  elucidation  of  the  various  factors 


iiatualmfnuiifiayattriur^uintatfiermoalhdsi 

/ 

TatKtimofthe  Man  IHailfrly  Teit$erdrure.  foandedan 
imrds  at  Lsi  Sri^([^  Bi>slm(liliss)dnd 

,/ 

'/ 

~ flKrage 

ClmlySkj 

1 Bml>tS»                    .^ 

'^/ 

'/ 

.^^ 

'/ 

/ 

/ 

Ji 

^■^ 

y 

y 

/ 

^-' 

_^ 

^^'' 

--- 

MSn, 

MW 

imii 

iimm 

liMxs 

OmA 

■it 

Skbtcb  No,  48.— Relation  between  the  Meui  Monthly  Tetnpenture,  and  the 
Evapoiation  from  a.  Freo  Wttter  Surface. 

concerned,  and  it  may  be  said  that  it  allows  (wjth  a  very  fair  degree  of 
accuracy)  for;  .  ■; 

(i)  The  vegetation  loss  ;      ■ '     ' 

(ii)  The  influence  of  variations  in  "the  mean  temperature  of  flie  divisions 
^,  of  successive  years ; 

(iii)  Ground  water  storage ; 

(iv)  The  duration  of  the  rain-fall ; 
but  b  liable  to  error  if  the  absolute  magnitude  of*  the  rain-fall  varies  greatly 
from  that  of  the  year  of  observation,  Nevfcnheless,  it  tends  to  over-estimate 
the  loss  when  the  rain-fall  is  smaller  than  in  the  year  of  the  original  observations  ; 
and  to  under- estimate  the  loss  when  it  is  greater  Consequently,  the  resulls 
thus  obtained  usually  possess  a  certain  maigin  of  safety,  which  is  advantageous 
for  practical  purposes. 
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Tbe  i^bt  half  of  Sketch  No.  49  shows  this  metbod  in  a  graphical  form,  as 
applied  by  ¥€iack{{/nUratckitngen  iiitr Nitderschlag  ttmi A6flitss)taiibK  fMxh- 
ment  area  of  the  Moldau.  The  emission  of  water  ija  the  spring  of  the  year  to 
reinforce  the  stream  flow,  and  its  storage  in  the  late  summer  and  autumn,  are 
characteristic  of  a  large,  and  fairly  flat  catchment  area,  with  a  tolerably  severe 
winter.'  In  the  case  of  a  more  Insular  climate,  such  as  that  of  the  Utames,  die 
Rgures  obtained  for  the  average  of  9  years  are  : 

Storages,  or  negative  valties  of/  of  0-34  in  September  j  174  in  October ; 
i'88in  November;  t'lo  in  December;  1*04^  Jamuuy;  0*17  in  February ; 
o'i3  in  March,  and  ; 

Emissions,  or  positive  values  of/  of  o'8o  in  April ;  1*15  In  May ;  2*13  in 
June  ;  1*41  in  July  ;  and  0*90  in  August, 
giving  a  yearly  variation  in  the  ground  storage  of  neatiy  6*4  inches,  wtuch,  in 
view  of  the  large  amount  of  permeable  chalk  in  the  Thames  valley,  is  not 
surprising.  The  alteration  in  season,  as  compared  with  the  Elbe,  appears  to 
occur  in  all  markedly  permeable  catchment  areas.     If  this  method  accuistely 
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Skbtck  Na  ^g.—Rei^on  between  Monthly  R<in-&ll  Losses  and  Reduced 

Monthly  Evaporations. 

represents  the  b^cta,  some  small  andsteep  catchment  areas  have  (wo  storage  aod 
two  emission  periods  during  a  year.    (Sea  left-hand  side  of  Sketch  No.  49.) 

The  following  table  shows  what  I  believe  most  closely  represents  the  average 
values  of  ktf,  given  as  percentages  of  an  observed  k,  far  English  catchment 
areas,  and  probably  also  for  any  British  catchment  area. 

January  i  ;  February  3  ;  March  ;  ;  April  10 ;  May  .14  ;  June  17  ;  July  19  ; 
Auguatis;  September  9  ;  October;;  November  2  ;  December  I. 

As  an  example,  let  the  observed  values  for  the  whole  ycai  be  : 

i  =  iZ  inches,  and  for  the  month  of  May  sit  =  173  inches,  and  for  Octobfer 
I'll)  =  3'4i  inches. 

Thus,  during  the  month  of  May  we  have  : 

/»=  —  AR,  =  18x0-14—173  =  079  inch 
or  tbe  ground  resecvoir  contributes  079  inch  to  the  observed  run-off.    For 
October  on  the  other  hand : 

/„  =x  — ARigB.  18x005— J-4I  "-  —151  iacbes 
or  1*51  inches 
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are  Mond  up  in  the  ground,  md  the  run-off  during  the  month  of  October  is 
diminisbed  by  that  smonnt. 
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P«nck  also  states  that  the  #,  for  each  year,  depends  upon  (be  mean 
temperature  of  the  year,  and  b  increased  by  070  inch  per  degree  Fahrenheit 
increase  of  the  mean  annual  temperature  (4S*8°F.) ;  so  that  regarded  from  this 
point  of  view,  x,  and  E,  to  a  certain  ertent  increase  together. 

Sketch  No.  49  aln  shows  that/,  varies  very  much  as  the  flow  from  a 
reservoir  might  be  expected  to  do,  being  smaU  at  first,  when  the  streams  are 
high,  increasing  rapidly  as  they  fall,  and  again  diminishing  as  the  stored-up 
mter  becomes  eidiausted. 

The  real  importance  of  the  method,  however,  lies  hi  the  &ct  that,  to  a  certain 
extent,  it  permits  us  to  take  into  account  the  ef!ect  of  the  topography  and 
geology  of  the  catchment  area  on  the  run-oK 

We  may  consider  that  ke^  represents  the  effect  of  the  rain-fall  and 
temperature,  and  is  therefore  very  much  the  same  for  all  catchment  areas  in  the 
same  country ;  f,  however,  depends  on  the  geology  and  topc^raphy  of  the 
catchment  area,  and  is  peculiar  to  each  art:a.  We  may  expea  to  find  large 
ndoes  off,  in  flat  and  permeable  districts,  while  in  steep,  rocky  regions  they 
will  be  small.  Regarded  from  this  point  of  view,  I  believe  that  the  method  is 
valuable.  If  we  have  obtained  the  ii«„  terms  for  a  series  of  years,  by  actual 
observation,  it  is  possible  to  apply  them  with  very  fair  confidence  to  an  adjacent 
catchment  area.  If  only  one  year's  records  of  the  second  area  are  known,  its 
monthly  f,  may  be  determined,  and  tb6  run-oS*  by  months  for  other  years  can 
then  be  considered  as  capaUe  of  very  fairly  accurate  esiimation. 

ObMmtiona  anpplementtng  the  naual  Stcesm  Gaugings.— A  care&l  on- 
lideration  of  the  principles  detaikd  above  will  suggest  (bat  a  great  deal  of 
useful  information,  which  is  not  at  present  usually  obtained,  could  be  secured 
V  special  aiMl  not  abnormally  cosdy  observations; 

Thus,  a  very  fair  idea  of  the  magnitude  of  (he  term  ARp,  could  be  obtuned 
by  systematic  observations  of  the  subsoil  water  level,  combined  with  a  survey 
oftbe  area  ofthe  permeable  3(TataexiBi)ng  in  the  ca(chmen(  area,  and  there  is 
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little  doubt  that  these  obiervations  alone  would  peraiit  s  very  fair  idea  <rf  the 
volume  of  the  equalising  reservoir  required  in  the  diieit  year  (see  p.  336). 
The  ma.tter  is  of  extreme  practical  importance  j  at  present,  areaf  largely  under- 
lain by  permeable  beds  are  generally  regarded  as  unfavourable  for  development 
for  water  supply  purposes  by  storage  reservoirs  This  idea  may  be  correct,  as 
the  surface  topography  of  such  areas  rarely  afibids  advantageous  sites  for 
storage  reservoirs,  but  there  is  but  little  doubf  ihat  if  an  impermeable  reservoir 
site  can  be  secured,  studies  of  the  size  of  the  invisible  ground  reservoir  might 
enable  an  engineer  to  feel  sadsfied  with  a  smaller  vbible  reservoir  than  is  now 
considered  advisable.  Certain  American  studies  (TroMt.  Am.  Soc.  of  C.E., 
vol.  27,  p.  2S6}  have  shown  that  it  is  quite  possible  fof  the  invisible  storage 
to  contribute  about  one-fiith  of  the  supply  drawn  firom  the  visible  reservoir  in 
dry  yeiars. 

Similarly,  the  chemical  composition  of  the  ground  water,  as  compared  with 
the  chemicaJ  composition  of  the  river  water  when  the  ground  flow  .is  known 
(from  subsoil  water  level  observations)  to  be  a  mininium,  should  enable  a  very 
fair  idea  of  the  value  of  the  ratio*^  to  be  obtained.     In  my  own  work  in  the 

PkUajab,  1  found  that  alkalinity  determinations  alone,  permitted  a  very  fair  idea 
of  the  relative  proportions  of  the  ground  water,  and  of  the  water  coming  down 
from  the  hills,  to  be  obtained.  Such  determinations  are  useful,  if  it  is  desired  to 
predict  the  flow  that  is  likely  to  occur  in  a  river-bed  at  some  distance  below  the 
beadworks  of  a  canal  which  diverts  the  whole  of  the  visible  flow. 

Examples  of  "seepage  water  irrigation"  with  water  thus  procured  are 
frequent  in  America,  and  a  very  large  scale  example  Is  likely  to  occur  in  a  few 
years  in  the  Punjab.  At  present,  in  default  of  obsesvations  of  the  type 
suggested,  these  matters  are  settled  by  vagne  opinions,  or  by  a  compwison 
with  similar  cases,  or,  still  worse,  by  legal  discusnons. 

DroughU. — A  very  important  principle  must  now;  be  considered.  Wc  find 
by  observation  that  s,  the  rain-fall  loss  for  a  year,  ia  very  fairly  represented  l^ 
the  equation : 

and  better  still  by  : 

s  -  «-(-^»+*(*, 

where  the  suffix  A,  refers  to  the  hot,  or  summer  season,  and  the  suffix  t,  U>  the 
cold,  or  winter  season.  We  are  therefore  led  to  assume  (and  such  observa- 
tions as  do  exist  justify  the  assumption)  that : 

where  the  di  and  ^5,  are  constants,  or  at  any  rate,  are  approximately  so. 

Now,  as  a  matter  of  observation,  this  vegetation  loss  has,  as  a  general  rule, 
"  priority  of  right "  over  the  topographic  flow,  and  ground  storage  disposal  of 
the  rain-fall.  Of  course,  exceptions-  exist,  as  may  be  observed  wherever  a 
teriential  rain-fall  occurs,  but  the  Statement  is  as  nearly  correct  as  any  other 
that  can  be  made  regarding  this  complex  subject. 

Now,  let  us  assume  that  the  rain-fell  Xp,  happens  to  be  nnasually  small.  It 
is  [datn  that  during  a  dry  season  We^may  find  that ; 

Xf  is  less  than  ^+&r^ 
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Socb  ccraditKHu  do  occui  in  practice,  and  are  indicated  by  the  v^otftfion 
"wilting,"  or  sufTering  from  draught.  The  conditions  are  complex,  and 
obviously  depend  upon  the  length  of  the  period  which  Is  denoted  by  the  suffix 
p.  They  also  depend  upon  the  character  of  the  vegetation  ;  bui  it  is  plain  that 
periods  occur  during  which  the  rain-fall  is  in3ufficient  to  provide  for  the 
nquitements  of  the  vegetation,  and  for  the  evaporation  which  would  occur  from 
Ihesmfeceoftbesoil  if  it  were  wetted  sufficiently  for  these  requirements. 

We  thus  Binve  at  a  principle  which  i»  extremely  important  vhen 
dimates  are  considered,  and  which  may    be    stated    in    general  temu  m 

If  the  rain-fall  during  any  division  of  the  year  is  insufBcient  to  wet  the  s<h], 
^  v^etatian  or  evaporation  loss  may  be  far  less  than  that  which  is  indicated 
by  tbe  other  climatic  conditions  prevailing  dunng  that  period. 

The  case  is  best  illustrated  by  taldog  the  extteme  example  of  a  .de*ert> 
Tbe  rain-&ll  is  normally  considerably  less  thaa  is  required  to  compensate 
far  evaporation,  and  may  be  only  a  or  3  inches  per  annum,  while.  Ihe 
requirements  of  the  vegetation  and  the  evaporation,  aa  found  by  observations 
on  irrigated  areas  existing  in  the  same  climate,  may  be  30  or  30  inches  per 
annum.  Nevertheless,  when  a  rainstorm  occurs,  it  prDduces  sonte  runs^,  and 
water  can  be  collected  in  reservcurs,  or  can  be  drawn  from  the  subsoil  by:  wells. 

We  are  consequently  led  to  believe  that  the  relation  between  rain-^1  and 
riiii-<^  in  arid  climates  differs  totally  from,.aud'is  in  some  respects  a  siOiider 
matter  than,  that  which  exists  in  Temperate  climates  snch  as  those  of  Western 
Europe  and  tbe  Eastern  United  States. 

Climatk  in  Rblation  to  Run-off.— The  classification  of  clinuln, 
tqcaidcd  from  this  point  of  view,  is  fairly  obvious.  If  long  periods  of  tinie 
alone  are  considered,  tbe  major  portion  (if  not  the  whole)  of  the  rain-bll  loss  is 
caused  by  vegetation  and  evaporation.  Now,  in  Insular  climates,  and  more 
especially  in  Temperate  Insular  climaies,  the  amount  of  rain  that  falls  in  the 
jtar  is  sufficiently  equaUy  distributed  to  ensure,  that  during  alL  divisions  of  the 
year  (abnormally  dry  years  excepted),  the  rain-'fall  is  always  adequateto  supply 
the  requirements  of .  the  normal  vegetation,,  and  to  keep,  the  surface  soil 
sufSdently  damp  to  permit  of  some  evaporation.  For  exai^le,  in  ^mbds-i- 
Tp  is  always  gieatsr  than  a,+ixp,  where  the  minimum  duration  iif  the  division 
of  the  year  expressed  by/  may  be  taken  as  between  one  and  two  months,  bu(, 
in  any  actual  case)  depends  to  a  large  extent  on  the  thtckness  of  tbe  surfafc 
soil  In  ConbDCntal,  and  morfe  especially  in  Trc^cal  Continental . climates, 
this  relation  does  not  hold  for  all  seasons,  except  in  aboorrftal  years,  and  tbe 
natural  vegetation  of  these  localities  has  adapted  itself  to  droughts,  eitheE,as:ih 
the  extreme  example  of  the  desert  cacti,  storing  up  water  in  its  tissues,  or,  bs  in 
the  less  marked  cases  of  wheat  and  cotton,  beii^  provided  with  long  tap.  roots 
permitting  it  to  draw  on  the  snbsoil  water. 

It  will  thereiote  be  plain  that  the  geiieral  investigation  igiven  above  is 
only  directly  appCcaUe  (for  all  seasons  of  the  year)  to  climates  tp  wbich  the 
be&ne-Hienboned  condition  (which  may  be  termed  a  vegetation  and  evapon- 
tion  draught),  doea  not  normally  o£cut.  When  such  a  drought  takes  place, 
tbe.termaaand  ^xmay.beooDsiderably  smaller  than  tlia  values  indicated^ 
tbe  other  conditiona  obtaining  during  the  droughty  and  a  certain  depledon  of 
ground  water  storage  irtri<^  (toes  not  appear  as  run-oil^  bat  is  consumed  \rf 
regetation,  may  also  otcui. 
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It  consequently  appean  logical  to  divide  climates  into  three  classes  : 

(i)  The  standard  class  m  which  a  drought,  as  above  definedi  doe>  not 

occur  in  normal  years  at  any  rate. 
(ii)  A  class  in  which  a  drought  occurs  once  a  year  at.  least,  except 

in  abnormai  years. 
(iii)  A  class  in  which  a  drouj^ht  is  the  normal  condition  of  affairs. 

We  may  therefore  have  a  climate  such  that  the  catchment  area  is  normally 
never  thoroughly  dry,  as  (in  this  sense)  is  the  case  with  all  catchment  areas  in 
Temperate  climates,  except  after  very  intense  and  long -continued  droughts, 
■dch  as  take  place  at  intervals  of  50  or  40  years  at  least. 

The  expression  "thoroughly  dry,"  is  perhaps  indefinite,  but  by  that  term 
I  wish  to  indicate  that  the  soil  of  the  catchment  area  is  so  depleted  of  water 
in  its  upper  layers  as  to  reduce  evaporation  from  the  ground  to  a  minimum, 
(I  believe,  as '  a  matter  of  fact,  that  some  evaporation,  if  only  of  night  dew^ 
always  happens),  which  is  quite  independent  of  the  last  rain-fall  that  occurred. 

The  second  type  of  climate  is  the  one  found  in  most  tropical  eountries 
which  have  a  dry  season.  In  such  cases,  once  a  year  at  least,  the  catchment 
area  becomes  thoroughly  dry. 

The  third  type  of  climate,  which  occurs  in  its  most  representative  tana  ia 
desert  regions,  and  in  the  arid  lones  of  America,  South  Africa,  and  India,  is 
one  in  which  Uie  catchment  areas  are  normally  thoroughly  dry. 

Now,  when  rain  falls  on  a  perfectly  dry  catchment  area,  it  is  3  matter  of 
observation  that  the  first  portion  is  absorbed  by  die  soil,  as  by  a  sponge,  and 
neither  runs  off,  nor  soaks  deeply  into  the  ground,  (in  sndh  climates  it  is 
very  often  customary  amongst  natives  to  speak  of  so  many  "  inches '  of  rwn, 
when  the  word  "inch"  does  not  mean  rain-falt,  but  the  depth  to  which  the 
sides  of  a  newly  dug  hole  are  found  to  be  moistened  after  rain). 

Until  the  soil  is  soaked  to  an  appreciable  depth  n6  run-off  can  occur,  and 
if  the  rain  is  insufikient  to  effect  this,  the  nett  result  will  be  a  temporary 
wetting  of  the  ground,  which  is  sooner  or  later  sucked  up  by  the  thirsty  air. 

Thus,  in  a  dry  catchment  area,  the  loss  before  any  ran-off  can  occur  may 
be  represented  by  a  constant,  which  indicates  the  quaatity  of  water  coasmned 
in  saturating  the  surface  layers  of  the  soil.  The  loss  that  occurs  thereafter  is 
.proportionally  far  less,  and  depends  more  on  the  time  which  the  rain  takes  to 
foil,  and  on  the  distance  which  the  water  running  off  traveb  before  it  is  collected 
into  a  liver  channel  or  reservoir,  than  on  the  absolute  magnitude  of  the  hClL 

Whenrainfallsona  damp  catchment  area  the  initial  loss  is,  relatively  speat^ 
ing,  not  large,  and  the  influence  both  of  time  and  distance  factors  is  less. 

Thus,  in  climates  of  the  first  type,  it  is  possible  to  consider  the  rain-£Ul 
of  a  month,  or  even  of  a  season,  as  a  unit ;  and,  except  towards  the  end  of  the 
summer  season,  it  is  rarely  requisite  to  consider  the  rain-&lU  of  individual  days. 

In  climates  of  the  second  type,  however,  we  must  certainly  consider  die  rain- 
foils  during  the  wet  and  dry  seasons  as  independent,  and,  abponnal  toneotinl 
downpours  apart,  can  usually  neglect  the  latter  entirely.  In  the  wet  season  we 
must  consider  not  only  the  total  rain-fall,  but  also  the  rain-foU  of  individual 
weeks,  or,  at  most,  months.  As  will  be  seen  later,  we  are  led  to  regard  the 
jain-falls  of  the  successive  months,  reckoning  from  the  beginning  of  the  wet 
season,  as  contributing  in  increasing  proportions  to  the  run-off.  Conseqnentiy, 
a  fall  which  had  it  occurred  in  the  first  month  would  have  been  regarded  as 
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UD important,  might  towards  the  end  of  the  season  produce  the  major  portion 
of  the  ran-ofr  of  the  season. 

In  dioiates  of  the  third  type,  we  regard  each  rainstorm  as  a  separate 
entity,  and  the  practical  rules  will  lead  us  to  consider  the  run-off  as  produced 
only  by  heavy  rainstorms,  although  it  must  not  consequently  be  assumed  that 
the  run-off  invariably  occurs  immediately  after  a  heavy  rainstorm. 

The  general  conditions  are  best  illustrated  by  a  detailed  study  of  catchment 
areas  in  climates  belonging  to  the  first  type,  and  I  shall  therefore  discuss  the 
efieci  of  the  geological  and  topographic  structure  under  that  head. 

It  may  be  stated  that  the  geolo^^cal  and  topographic  conditions  are  equally 
effective  in  climates  of  the  second  and  third  types,  and  that  only  the  lack  of 
detailed  information  prevents  a  discussion  of  their  effect  under  these  conditions. 

CUMATSS  OF  THE  FIRST  TYPE.— The  rain-foU  loss  over  a  year  may  be 
represented  with  a  very  fair  degree  of  accuracy  by  the  equation  : 

x  =  a+bx 
or,  better  still,  by  »  =  a-^b^,-V6aX„  where  x^  is  the  summer  (hot  season) 
rainfall,  and  x^  is  the  winter  (cold  season)  raln-fiill. 

Now,  theoretically,  we  should  of  course  consider  all  years,  wet  or  dry, 
in  determining  the  constants  a  and  6x.  But,  from  an  engineer's  point  of  view, 
it  is  better  to  take  only  the  drier  years.  I  have  therefore  neglected  all  years 
in  which  the  annual  rain-fall  is  much  above  i'30  times  the  mean  annual 
rain-fall.  Subject  to  this  condition,  for  catchment  areas  in  Great  Britain, 
Gemiany,  and  (leas  accurately)  the  Eastern  United  States,  1  find  that  b  =  o-i& 

Considering  the  possibilities  of  error  in  the  latter  country,  I  am  inclined  to 
believe  that  the  above  statements  are  fairly  accurate  for  all  Temperate  and 
Non-Continental  climates,  provided  that  the  mean  annual  rain-fell  does  not 
greatly  exceed  60  inches. 

As  an  example,  I  give  the  values  of  ',  as  observed  by  Ingham  {fiainfaU 
<mi  Evt^oralipn  in  Devonskiri)  at  Torquay,  for  the  years  1878-1900,  and 
Chose  calculated  from  x»9'7+o'i&s. 
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.eb^^ed. 

•  odcukted. 

Difference,           | 
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i8i 

The  agreement  for  iadividual  years  is  only  rough,  the  average  difference 
being  28  inches,  or  about  I7'5  per  cent,  of  the  mean  value  of  x,  but  it  will  be 
seen  that  (except  in  the  case  of  the  wetter  years)  the  average  loss  in  any  three 
years  is  very  close  to  that  calculated.  The  divergence  in  the  wetter  years,  and 
in.  the  two  with  abnormally  small  losses,  is  explained  by  the  fact  that  the 
expression  v  =  a-'rbx  is  only  a  cpntracted  fonn  of: 

and  since  i^  is  Ear  greater  than  i^  a  year  with  abnormally  heavy  EttmnKT 
rain-&ll  may  be  expected  to  have  a  greater  rain-fall  loss  than  one  of  the  same 
rain-&ll  with  abnormally  heavy  winter  rain-&ll. 

The  following  table  shows  the  agreement  between  : 
«  =  7+o'+r,+o-ix„ 
and  the  observed  values  for  another  British  catchment  area. 
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The  agreement  is  somewhat  deser,  the  xvetagt  difference  being  I'l  inch, 
01,  say  7  per  cent  of  the  mean  rain-fall  loss.  But  it  must  be  remembered  that 
there  aie  now  j  constants  at  our  disposal,  as  against  2  in  the  first  case ;  bo 
that  a  sanMewh&t  doser  agitament  might  be  expected  in  any  event.  It  will, 
however,  be  observed  that  the  wet  years  are  no  longer  abnormally  divergent, 
so  that  ID  all  probability  the  three  term  relation  is  capable  of  including  wet  years 
as  weH  as  the  drier  ones. 

A  somewhat  important  distinction  must  now  be  drawn.  It  has  been  stated 
that: 

r  =  a+0'i6r 

fin  any  individual  year,  and  for  any  catchment  area.  It  might  therefore  be 
nijqKMed  that  if  diffi^'eiit  catchment  areas  are  considered  the  meaji  rain-fall 
lou  over  a  long  term  <A  years  fn,  can  be  expressed  in  terms  of  the  mean  miQ-fall 
over  the  same  period  x^  as  : 

g»  =  a+o-i(iXm 
For  some  reason  which  is  at  present  unknown,  bat  whidi  is  'probably' 
coQoeaed  with  the  fact  that  a  heavy  rain-fall  shapes  and  cuts  the  topography 
of  a  catchment  area  into  steep  slopes,  and  thus  favours  a  speedy  arrival  at  the 
stream  channels,  where  it  is  less  exposed  to  evaporation,  there  appears  to  be 
very  little  doubt  that  the  true  relation  for  the  countries  enumerated  above  (so 
&r  as  rain-foU  determines  the  rain-fall  loss),  is  : 

'm  =  ai+O'OJJTjK  to  O'lZTn 

It  is  therefore  plain  that  the  value  of  a,  is'approximatety  : 

a  =  ai+<yiiXM  to  iyo4x,i 
A  discussion  of  the  factors  affecting  o,  is  consequently  necessary. 
Hits  is  best  attained  by  a  consideration  of  the  mean  annual  run-off  of 
catchment  areas  generally. 

Run-off  of  Catcmmekt  Areas.-~'X\m  factors  having  the  most  influence 
no  the  mean  yearly  ran-«ff  of  a  catchment  area,  taken  in  their  usual  order  of 
importance,  are : 

(i)  The  average  yearly  lain-falL 
(ii)  The  distribution  of  rain-fall  by  seasons. 

Ou)  The  character  of  the  strata  beneetii  the  area,  whether  permeable,  or 
impermeable ;  and  this  influences  r 
The  general  slope  of  the  catchment  area. 
Ov)  The  marshes,  lakes,  or  other  bodies  of  water  existing  on  the  catchment^ 

The  Ust  two  have  less  effect  upon  the  absolute  quantity  of  the  run-off  than 
on  its  variability  from  month  to  month  during  the  year. 

For  catdUneaat  areas  in  which  these  four  factors  are  approximately  similar, 
the  absolute  magnitude  of  the  area  has  a  decided  influence  upon  the  variability 
of  the  run<off,  the  lArger  areas  having  (as  tf  general  rule)  the  less  intense  floods, 
uid  the  more  abundant  dry  weather  flows.  As  a  matter  of  experience,  while 
the  dry  weather  flow  of  a  mountain  valley,  of  say  10  square  miles,  often  falls  to 
nothing,  the  volume  of  a  river  draining  several  hundred  square  miles,  is  rarely, 
if  ever,  below  o'z  of  a  Cusec  per  square  mile,  in  Temperate  climates.  This  is, 
■>f  course,  explained  by  the  greater  likelihood  of  an  extensive  area  (especially 
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if  flat)  including  p«nneable  strata  to  such  an  extent  as  to  provide  a  large 
invisible  reservoir. 

(i)  Effect  of  the  A,bsolut£  Maghitudb  Of  the  Meam  Ahsval 
RAflf-FALL. — The  rain-fall  loss  can  be  ekpre&sed  in  the  following  form : 

d-i,  is  not  far  from  o'04  to  o'li.  Thus,  since  for  the  same  country  Sr,  in- 
creases less  rapidly  than  x^  the  heavier  the  rain-fall,  the  Urger  the  ruD-ofT ;  and 
cettris  paribus,  the  fraction  of  the '  rain- fall  collected  each  year  increases  fiu 
more  rapidly  than  the  absolute  value  of  the  rain-fall. 

A  very  important  aspect  of  rain-fall  in  its  relation  to  run-off  is  the  extreme, 
difficulty  of  ascertaining  its  correct  value.  The  question  of  the  location  of 
gauges  has  already  been  dealt  with,  and  it  is  there  shown  Ihat  the  most  usual 
mistake  is  to  underestimate  the  rain-fall.  This  in  itself  is  not  very  material, 
since  engineers  are  principally  concerned  with  the  run-'off.  When,  however,  the 
relation  between  rain-fall  and  run-off  is  studied,  and  the  determination  of  the 
values  of  a,  and  b,  in  the  equation 

is  attempted,  a  correct  knowledge  of  the  absolute  value  of  x,  is  of  the  greatest 
importance.     It  is  well  known  that  older  engineers  invariably  (and  the  practice 
is  as  yet  by  no  means  extinct),  considered  the  relation  as  : 
y=Px 

where  p^  was  a  more  or  less  constant  quantity. 

Now,  both  rules  are  avowedly  approximate,  but  at  lirst  sight  it  appears 
obvious  that  it  should  be  possible  to  determine  whether  a  percentage,  less  a 
constant  quantity,  or  a  fixed  percentage  of  the  actii»l  rain-fall,  best  represents 
the  run-off  in  any  given  case,  by  fonning  the  values  of  the  r»n-fall  lost  and  the 
run-off  percentage  as  given  by  : 

Ram-fall  loss  =3  Rain-fall -Rim-ofT. 


and,  Run-off  percentage  =  100  x .,  ,  ', 

taking  the  mean  values  for  the  available  series  of  years,  and  investigating  tfieir 
probable  errors,  by  the  method  of  least  squatos. 

A  little  consideration  will  show  diat  this  is  only  the  case  if  the  "  rain-fall " 
is  the  actual  mean  rain-fall  on  the  catchment  area.    :For,  assume  that,  owing 
either  to  paucity  of  rain-gauges,  or  to  a  bad  selection  of  their  siteS)  the  recorded 
rain-fall  is  not  the  actual  rain-fall,  but  some  proportion  of  this,  say 
Recorded  rain-fall  =  (i-c)  true  rain-falL 

It  should  be  remembered  that  this  error  is  likely,  since,  as  already  stated. 
the  relation  between  the  annual  falls  in  adjacent  locilities  isone  of  ai^roxknate 
proportionality,  and  not  a  constant^  or  approinmately  constaiH,  ^ffcRtice,  so 
that  the  relation ; 

Recorded  rain-fall  =  True  rain-fall— a  constant,  is  unlikely  to  occur.  ~ 

Then,  if:   ....    _y  =  the  run-off. 

X  =  the  true  rain-fall, 
xj  =  the  observed,  or  apparent  rain-fall 

The  true  rain-foil  loss,         z  =  x—y 
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The  ^pueDt  min-iill  loss        «i  —  *\—y  ■*  x  {\---e)~y  ->  *—cx. 
While  the  percentages  are :       p=  -^ 

,        logy  _    itxy  ^ 

Thus,  while  <!,  is  more  variable  than  z,  owing  to  the  inclusion  of  the  variable 
term  cx,px  is  just  as  variable  as^,  and  no  more  so. 

Thus,  unless  it  is  known  that  the  observed  rain-fall  represents  the  actual  mean 
lain-iall  over  the  catchment  area  as  accurately  as  the  observed  run-olT  represents 
the  actual  run-off,  no  valid  argument  regarding  the  relation  between  rain-fall  and 
nin-ofr  can  be  based  upon  calculations  of  the  mean  square  errors  of_^  and  z. 

For  this  reason,  the  fact  that  the  percentage  method  is  still  largely  used  by 
engineers  in  India  and  America  cannot  be  considered  as  a  weighty  argument 
in  favour  of  its  general  adoption.  In  these  countries  rain-fall  statistics  are  less 
rdiable  than  ip  the  case  in  Europe,  the  actual  observations  being  frequently 
less  carefully  taken ;  and  in  nearly  every  case  the  duration  of  the  available 
records  is  far  shorter,  and  the  distribution  of  the  observing  stations  less  satis- 
^ory,  both  in  number  and  position. 

Consequently,  the  employment  of  the  percentage  method  merely  indicates 
that  the  engineers  have  used  unsatisfactory  material  to  the  best  advantage, 
and  does  not  in  any  way  show  the  best  method  of  utilising  more  accurate 
records. 

As  an  actual  example,  take  the  figures  for  the  Melbourne  (Victoria) 
catchment  area,  with  which  Mr.  Ritchie,  the  engineer  of  the  water  supply  for 
that  dty,  has  favoured  me.  The  portion  of  his  letter  relating  to  the  subject 
tuder  discnssi(»i  is  as  follows  ; 

"The  catchment  of  the  Wallaby  and  Silver  Creeks,  and  the  Eastern 
Imnch  of  the  Plenty  River,  are  cpmposed  of  mountainous  country,  ranging 
Irom  a  minimum  elevation  of  about  700  feet  above  sea  level,  to  a  maximum  of 
aboot  2700  feet  .  .  . 

"There  is  one  rain-gauge  at  700  feet  elevation,  and  another  at  about 
1700  feet  elevation.  Snow  falls  more  or  less  in  winter  at  the  1700  feet  gauge, 
but  does  not  lie  for  many  days  when  the  falls  occur.  I  append  for  your 
information  the  annual  rain-fall,  and  percentage  run-off  for  stations  (>'.«.  the 
70D  and  rToo)  averaged,  and  also  on  the  basis  of  the  1700  leet  station  only.  1 
am  inclined  to  think  that  the  record  on  the  1700  feet  station  basis  would  be 
the  most  accurate,  as  the  larger  portion  of  the  catchment  is  at  that  level  and 
over.  Of  course,  to  get  a  really  accurate  result,  you  require  a  number  of  rain-. 
fall  stations  in  selected  sites,  within  the  catchment,  but  I  have  no  such  records. 
The  total  catchment  areas  aggregate  23,000  areas." 

If  we  examine  the  fTrst  series,  ij.  those  in  which  the  average  of  the  two 
gauges  are  taken,  the  method  of  mean  squares  gives  as  follows : 

Rain-fall  loss  =  3673  inches±4'30  inches  =  2673  (i  ±0'i6)  inches. 

Run-ofF  percentage  =  3077  ±  370  -'3077  (l  ±0"I3)- 

That  is  to  say,  it  appears  that  the  assumption  of  a  constant  percentage 
represents  the  facts  better  than  the  assumption  of  a  constant  rain-fall  loss. 

Taking,  however,  what  Mr.  Ritchie  believes  to  represent  the  rain-fall  more 
accurately  ;  that  is  to  say,  the  1700  feet  gauge  record  only,  we  find  that ; 

Rain-^l  toss  =  34'6o  inches:t;'4S'tnches  "  34'6o  (i±o'i39)inches. 

Run-rfFpercentage-3S-3<'±3-os  -  ij'jo  (1  ±0-119). 
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The  almost  complete  agreement  of  the  percentages  of  protntde  error  (i  i  -9 
and  iz)of  the  run -off  percentage  should  be  noted,  since  it  forms  a  confirmation 
of  the  dieory. 

The  rain-fall  loss  for  the  more  accurate  record  is  almost  as  steady  as  the 
percentage  figure. 

I  am  therefore  inclined  to  go  somewhat  further  than  Mr.  Ritchie,  and  to 
state  that  I  believe  that  even  the  1700  feet  record  does  not  fully  represent  the 
rain-&ll  on  the  catchment  area. 

My  personal  knowledge  of  the  catchment  area  is  confined  to  a  5  days' 
camp  in  it,  at  a  time  when  my  experience  of  these  matters  was  limited.  I  am 
not  therefore  prepared  to  make  a  more  definite  statement  for  this  area,  but  if 
these  figures  related  to  Great  Britain  I  should  feel  justified  in  assuming  that 
the  actual  mean  rain-fell  was  : 

Neither  3871  (mean  of  both  gauges), 
Nor  4659  (mean  of  the  1700  feet-gauge), 
but  more  like  52  inches,  with  a  mean  annual  loss  of  approximately  40  inches. 

1  trust,  at  any  rate,  that  I  have  made  it  plain  that  the  &ir  appearance  of  the 
percentage  figures  is  misleading ;  although,  of  course,  so  long  as  tbe$e  two 
gauges  alone  exist,  Mr.  Ritclue  is  perfectly  justified  in  using  the  percent^;e 
method. 

.    It  also  aiq>ears  that  another  gauge  i»  badly  required  to  represent  the  area 
between  zooo  and  2700  feet  elevation. 

Treating  the  matter  generally,  and  assuming  that  the  relation  : 
«  =  a-^bx 
holds  where  ;r,  is  the  true  rain-foil,  when  the  recorded  rain -fall  i8*{i— if),  inplace 
of  the  true  value  s,  of  the  rain-fall  loss,  an  apparent  value  g\,  is  obtained  when  : 

As  definite  examples,  let  us  suppose  that  the  correct  relation  is 

but  that  the  rain-fall  is  incorrectly  observed,  and- 

(i)  Is  underestimated  by  t6  per  cent.    We  have, 

#1=  la-Ko'iS—o- 16)1  =  13  inches. 
Thus,  owing  to  tmderestimation,  the  value  of  the  laiit-fiUI  loss  has  become 
apparently  constant. 

(ii)  So  large  an  underestimation  may  seem  improbable.  Thetefiwe,  let  as 
assume  an  underestimate  of  6  per  cent.  only.    The  apparent  value  of  jr,  is  now  :' 

«i  =  i2-Ho'icur 
and  if  the  mean  lain-foll  is  30  inches,  in  a  long  series  of  years  the  apparent 
mean  loss  is  i  ^  inches,  while  its  correct  value  is  i6'8  inches. 

(iii)  An  overestimate  of  the  rain-fall  is  usually  improbably  unless  the 
gauge-stations  are  very  almormally  distributed.  But  assume  an  overestiioate 
of  to  per  cent.,  <,  now  becomes  :  '  ... 

'I  =  l2+'0'26«r 
and  the  mean  observed  rain-fall  loss  is  19'jS  inches,  in  place  erf  the  true  value 
i6'8  inches. 

Hence,  the  foUoiring  rules  can  be  deduced : 

If  the  rain-fall  is  onderestimated,  the  calculated  value  of  ^  is  less  dtan  its 
correct   value ;   and  if  greatly  underestimated,  6,  may  af^war  to  become 
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n^iatire.  Conaeqnantly,  in  stn^  cases  aa  the  HonUobry  RstervoirJ  at  (less 
markedly  so)  the  LoBg«ndale;  Reservoir,  or  the  Durance  Riv«i,  it  maM  appectf 
probable  that  the  recorded  rain-falls  are  connderably  less  than  the  ttud 
predpitatioo,  and  tbetefote  tbftt  Ae  raio-fall  loBses  are  oBderestiinated.' 

The  term  "precipitation"  is  employed  to  indicate  the  possibility  that  in 
some  of  these  cases  the  water  falling  on  the  catchment  »rea  may  not  entirdy 
arrive  in  the  form  of  rain  as  collected  in  a  rain-gauge  (see  p.  207). 

Similarly,  (although  with  less  certainty),  it  appears  permissible  to  condfide 
that  in  cases  where  b,  greatly  exceeds  the  usual  value  o'i6,  the  recorded 
rain-fall  and  the  rain-fall  losses  are  overestimated. 

These  rules'  are  not  of  much  valiie  when  applied  to  the  study  of  existing 
observations  of  rain-fall  and  run-off,  although  they  may  lead  to  good  bints  for 
the  location  of  new  rain-gauges,  and  possibly,  when  some  years'  of  records 
have  been  accumulated,  to  certain  corrections  in  the  early  figures. 
'  They  are,  however,  very  useful  when  it  is  desired  to  apply  the  records  of 
existing  reservoirs  to  neighbouring  catchment  areas  for  which  no  run-off  data 
exist,  but  for  which  good  rain-fall  records  are  available.  ' 

The  mles  are  obviqtis.  A  record  of  *,  which  shows  that  t,  diminishes  as 
the  rain-fiUI  increases,  should  be  regarded  as  underestimatmg  the  rain-faU 
loss ;  while  one  in  which  s^  increases  very  raindly  with  th6  rain-fiill,'  nwy  be 
conudered  as  overestimatmg  the  rain-fall  loss. 

fii)  Seasonal  Distribution  of  RAin-j'Ai.t^'—'Tht  effitct  of  die  seasonal 
distribution  of  rain-fall  has  already  been  indicated.  It  is  obvious,  that  fain 
lallii^  during  the  colder  months  of  the  yeiur,  when  evaporation  is  at  a 
minimum,  and  vegetation  is  iner^  will  have'a  Ear  better  chafMte  Oi  reaching  a 
stream,  or  permeable  stratum,  and  appearing  sooner  or  later  in  tfa'e  form  of 
nm-off,  than  an  equal  quantity  of  tain  felling  in  hotter  months,  when  evapora- 
tioir-and  the  requirements  Af  vegetation  are  more  intense.       ' 

This  difiicTence  may  be  regarded  as  eKplaining  many  of  the  &iKig^xtaa 
lietween  the  observed  and  calculated  rain-fall  losses.  .  .'      ■  ■, 

Referring  to  Ingham's  tabte(3eepc  197),  die  year  spedfied  by  x=36r3i'y<=-to' 5) 
was  one  in  which  the  major  portion  of  the  lain  fdl  in  the  winter,  while  thi 
seasonal  distribulion  in  the  year  giyen>by.rs36'3,  «=i6,  was  normal ;  but  the 
year  j=39'9,  »=5"9  cannot  be  thus  explained.  So  also,  taking  the  four-  ycais 
of  beavicat  nun-fall :  "    '■ 

jrs5o'4,s=2L-i,wasayear  of  fairlyheavy.summerrains;  ,    - 

jr=:  Ji'i, (=25*2,  was  a  year  of  very  heavy.^ummer  rains;     ,' 
J^=5a'Q,»=i7'o,  and  jr=saj,  f  =19-^,  were  years,  in  vrhich  the  distiibu^ioff 
between  summer  a;nd,  nint^rrains  was  mttfM  or  less  normal.       ■ 

Such  Abnormal  results  occur  in  every  tahle  of  this  character,  and  !t  will 
g^erally  be  found  that  som^  years  of  low  rain-fall  have  an  unusually  low 
tain-^1  loss  (compared  with  the  calculated  values)  owing  to  the  yeir  really 
having  a  dry  summer,  and  a  winter  of  normal  rain-fell;  Vice  versa,  in  very 
wet  y«ars,  the  rain-fell  losses  are  usually  higher  thait  the  calculated  figures, 
owing  to  the  feet  that  a  year  can  hardly  be  pronbuncedly  wet  withobt  having 
an  abnormal  amount  of  summer  run-fell. 

The  worst  possible  case,  fi-om  the  point  of  view  of  nin^ofT,  is  that  of  two 
successive  years  of  exceptionally  small  winter  rain^alli  wfeen,  even  though  th« 
intervening  summer  is  wet,  a  very  small  run-ofi  miwt  be  expected.'  - 
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The  HallingbM  (Nonhurob«iihnd)  rescrvob,  giren  on  pafc  339,  is  a  -mj 
striking  example,  and  cannot  bfr  coniidered  as  the  wtnM  possible  caie,  MDca 
the  preceding  year  was  exceedingly  nuny. 

(iii)  GeoijOOical  Structure.— Tca  effect  of  the  getdogkal  coattnctioo 
of  the:  catchment  area  ia  threefold  i 

(a)  The  geological  constniCTion  is  the  cause  underlying  and  creating  the 
topography,  and  therefore  influences  the  run-off  from  this  point  of  view. 

.{S)  The  strata,  if  permeable,  absorb  the  rain-fall,  and  surrender  it  latert 
acting  as  concealed  reservoirs.  From  this  point  of  view,  the  geology 
mfluences  the  absolute  value  of  the  run-o6f  to  a  certain  degree,  but  its 
most  important  effect  lies  in  the  equalisation  of  the  run-off  over  the 
whole  year,  as  discussed  on  pages  188  and  220. 

(c)  The  geological  structure  may  cause  the  true  catchment  area  to  depart 
widely  from  the  area  shown  by  the  surface  topography,  and  thus  may 
influence  the  run-off  to  an  abnormal  extent. 

Considering  these  in  order  : 

(a)  From  the  purely  topographical  point  of  view,  anything  that  assists  rain- 
water to  collect  r«pidly,  increascK  the  run-ofil  Steep  slopes,  bare  rocks, 
and  nmnerons  well  defined  smalt  runnels,  iSi  indicate  a  good  run-off;  whilst 
flat  slopes,  swamps,  and  bogs,  or  ill-defined  topographical  characteristics, 
ire  accompanied  by  a  bad  nm-off. 

The  questioii  can  be  briefly  summed  up :  An  area  underlain  by  impervious 
strata  allows  a  large  fraction  of  its  rain-fall  to  run  away  on  the  surface,  and  is 
cut  and  shaped  by  the  collected  water  into  a  topography  favourable  to  a  good 
run-oft  An  area  underlain  by  pervious  strata  disposes  of  most  of  its  ruo-off  by 
ground  seepage,  and  therefore  is  not  cnt  or  shaped  into  a  favourable  topo- 
graphy, and,  in  consequence,  certain  additional  loss  is  entailed  in  3«ch 
topographic  run-off  as  does  occur,  owing  to  evaporatim  durii%  its  slower 
journey  to  the  streams. 

It  is  also  plain  that  an  impervious  area  will  have  more  intense  iloods,  and 
longer  periods  of  low  water  than  a  pervious  one,  even  tbongb  the  mean  yearly 
TTOi-ofTis  the  same;  This  effect  will  be' even  more  marked  if  the  mean  yearly 
rain-^ls  are  eqval. 

{S)  Returning  to  the  general  discussion  (see  p.  190).  Tb«  larger  Hw 
proportion  of  permeable  strata  in  a  catchment  area,  the  greater  the  individual 
f%  (whether  positive  or  negative),  but  apparently  also  the  greater  the  in- 
dividual ti%.  This  last  statement  may  appear  peculiar,  but  the  explanation 
probably  lies  in  the  fact  discussed  when  considering  Droughts,  namely :  A 
large  number  of  plants  are  capable  of  securing  and  utilising  water  lying  in 
perme^ile  strata  near  the  ground  level,  and,  where  these  strata  exist,  such 
plants  being  adapted  to  the  local  conditions,  cither  grow  naturally,  or  arc 
cultivated. 

A  further  explanation  may  be  that  alt,  or  nearly  all,  permeable  strata  com- 
municate with  the  sea,  or  with  other  catchment  areas,  by  underground  rhanaels 
(in  which  may  t>e  included  the  flow  of  gjround  water  which  usually  occurs  in 
alluvial  river  beds,  and  which  is  rarely  utilised,  although  it  should  obvioudy  be 
included  in  the  run-off  in  scientific  discussions  of  the  question).  Be  the 
explanation  what  it  may,  the  extra  rain-fall  loss  caused  by  permeabLe.  strata  has 
a  real  existence  in  normal  cases,  and  may  be  roughly  estimated  at  about  onc- 
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uxik  «f  the  aveng*  ^tsa\f  suuage  in  tfaa  iavimMe  Kserrow,  if  ttiat  is  known ; 
altbongb  (as  it  shnwn  ia  the  next  sectiehy  pennesblc  BtraU,  tAder  ceitltte 
g^ological^conditions/inajr  increasetbe.apparent  Tiia-off.  ■     '■■      ■ 

The  Above  ^tUement  ihould  peiiutps  be  somewhat  qualiSed.  Tb«  rfctordt 
used  to  investigate  the  question  nearly  all  refer  to  catchment  areas  the  averagt 
elevation  of  which  is  greater  than  that  of  the  country  surrounding'  them,  and 
the  extra  loss  may  be  entirely  due  to  leakage  through  permeable  beds  into 
nrighbouting  catchment  areas.  The  only  evidence  which  confticts  with  this 
view  is  the  fact  that  the  permeable  catdimeilt  areas  with  large  average  rain-bll- 
losscs  nearly  always  yield  markedly  laiger  mn-ofTs  at  the  end  of  a  long  period 
(iwo,  or  three  years)  of  deficient  rain-fall  than  other  permeable  areas  with 
smaller  average  rain-fall  losses.  This  fact  suggests  that  the  areas  with  the 
greater  losses  also  possess  the  larger  invisible  reservoirs.  It  should,  moreover, 
be  noted  that  submarine  discharges  of  large  volumes  of  fresh  water  (which 
probably  represent  the  leakage  of  permeable  beds)  are  far  more  ctHnmon  than 
is  generally  supposed.  Such  phenomena  are  constantly  being  discovered  both 
by  submarine  cable  engineer,  and  by  physicists  studying  questions  relating  to 
the  distributioD  of  deep  sea  fish. 

(f)  From  the  purely  geological  point  of  view,  the  effect  of  permeable  and 
impermeable  strata  is  best  illustrated  by  examples. 

If  a  penneabte  stratum  occurs,  which  dips  into  a  valley  on  one  side  at  A, 
ud  outcrops  again  at  B,  across  the  topographical  watershed  W,  as  shown  in 
section  in  Sketch  No.  50,  it  is  plain  that  some  portion  of  the  rain  falling  on  the 
area  WB,  will  appeal:  at  A.  If  conditions'  are  favourable,  as  for  instance 
if  the  stratum  AB,  is  underlain  by  a  bed  of  clay,  this  portion  may  be  quite 
appredable. 

The  above  circumstances  generally  give  rise  to  springs  at  A,  and  an 
occurrence  of  this  nature  is  unlikely  te  be  overlooked.  Cases  exist,  however, 
where  such  springs  rise  in  a  stream  bed,  and  they  may  consequently  be 
nnperceived  unless  carefiil  gaugings  are  taken. 

Similarly,  a  fault  crossing  a  stream  may  greatly  diminish  its  flow.  It  is 
therefore  advisable,  wherever  faults  or  permeable  strata  are  known  to  be  present, 
to  gauge  all  streams  both  above  and  below  their  outcrop.  Since  the  loss  or 
gaio  may  be  assumed  as  constant,  the  ewstence  of  the  spring,  or  of  the  leakage, 
can  generally  be  detected  by  a  few  observations.  In  my  own  experience  I 
have  found  that  two  surface  float  gaugings  will  usually  settle  the  question, 
because,  the  stream  being  presumably  of  the  same  character  above  and  below 
the  outcrop,  uncertainties  as  to  the  value  of  Hariacher's  ratio  f,  (see  p.  61)  do 
not  materially  affect  the  results. 

Fissured  strata,  or  beds  of  sand  and  gravel,  freqoentiy  provide  invisible 
nndergnmnd  channels  for  the  escape  of  water.  The  detectuMi  of  ^uch  channels 
and  the  measurement  of  the  flow  in  them  is  difficult.  Ttis  may  be  effected  in 
a  gravel  bed  by  sinking  a  series  of  pipe  wells  across  the  supposed  line  of  flow, 
and  then  one  or  two  more  sozse  100  feet  above.  A  soltUicm;  of  scN»e  easily 
tvcagnisable  sah  is  poured  into  the  np^  pipes,. and  water  draw^  from  the 

lower  pipes  is  tested  fbt  this  salt  until  it  is  detected.  1 

A  better,  but  more  complicated  method  is  electrical.  In  this  case,  the 
apper  pipe  wrils  are  dosed  with  ammonium  chtonde,  or  comnM»  salt,  and  its 
advent  to-tbe  lower  pipes  is  anaooiiced  bya-fall  in  the  electrical  resistance 
oMuuicd  between  ^tes  immersed  in  two  Af  the  lowet  weUs>  -  .  :  >i 


Digilizeo  by  Google 


396 


CONTROl  OF  WATER 


It  it  likely  that  any  important  flow  of  water  of  the  above  nature  will  be 
prevtou^y  kjiown,  and  audi  local  Icnowledj^  should  be  utilised  in  ananging 
thetests.  Where  the  quantity  of  water  thus  discovered  is  of  sufficient  valiteto 
justify  the  expense  it  may  be  collected  by  onderground  dams,  or  catdtment 
galleries,  oi  pumped  from  a  series  of  wells. 


Crestline 


^^f^rmtabfc  SeOs 


It  should  be  remembered  that  such  pervious  beds  may  be  utilised  as 
reservoirs,  if  the  intake  of  the  sdieme  can  be  located  below  the  point 
where  they  discharge  above  ground.  They  are,  therefore,  not  ne«saarily 
detrimentiU.     <  . 

I  shall  latef  refer  to  the  condensing  effect  which  glaciers  are  believed  to 
■exercise,  and  there  is  litde  doubt  that  such  condensatitms  occur  less  extenttvely 
in  many  other  cases.     1  am  not,  however,  aware  of  any  instance  other  tbwn 
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fladen,  where  the  eSect  is  w  nufked  as  to  have  yet  been  detected  io 
iofluendng  the  nin-(^. 

The  Dew  Ponds  of  Sussex  are  worth  describing,  both  as  small,  but  quite 
pnctical  examples  of  the  possible  utilisation  of  this  effect,  and  as  showing 
.uodcT  what  conditions  it  may  be  expected  to.  occur. 

Dew  Ponds  are  made  as  follows : 

A  basio'^haped  hollow  is  excavated  in  an  open  space,  well  exposed  to  damp 
tea  winds.  The  hollow  is  covered  by  a  layer  of  straw  and  twigs,  or  other  non- 
conducting m^erial,  about  18  inches  thick.  On  this  is  laid  a  continuous  bed 
of  puddled  clay,  about  a  feet  thick,  which  in  its  turn  is  covered  by  a  layer 
of  broken  stone. 

The  olqect  is  to  provide  a  sur&ce  of  stone  and  clay  which  rapidly  grows 
coM  at  night,  and  the  dew  thus  collected  is  cai^ht  by  the  layer  of  puddle  clay, 
and  conduaed  to  the  central  pond. 

Such  a  prepared  area,  about  aoo  feet  in  diameter,  under  favourable  con- 
ditions, will  keep  the  pond  in  the  centre  about  lo  feet  in  diameter,  and  say 
3  feet  maximum  depth.  So  ia.t  as  cao  be  gathered,  in  default  of  systematic 
observaticma,  the  yield  i»  about  o'oi  inch  per  night  during  the  summer,  over 
the  prepared  area. 

(iv)  EPFgKT  OF  Lakes  and  Swakps.-^T^k  presence  of  bodies  of  water  in 
the  catchment  area  has  ap  equalising  effect  on  the  run-off.  It  is  generally 
nipposed  that  the  evaporation  from  a  free  water  surface,  during  the  summer 
at  any  ratc^  is  greater  that  the  nun-fall  on  it  Thus,  bodies  of  water,  especially 
if  shallow,  and  even  more  so  if  covered  with  vegetation,  are  regarded  as 
tending  to  diminish  the  run-off. 

The  most  important  example  is  the  loss  sustained  by  the  White  Nile  in  the 
swamps  of  the  Sudd  regimi,  between  7  degrees  and  9  degrees  30  minutes 
N.  latitude-  In  this  case,  the  reasoning  is  founded  on  approximate  gaugings  ; 
moreover,  tlie  rain-fall  being  small,  and  the  evaporation  intense,  everything 
bvouts  a  loss  of  water. 

In  more  Temperate  climates,  such  as  that  of  Great  Britain,  the  same  effect 
iiai  been  asaumicd  to  occur. 

The  later  studies  refeired  to  on  page  740,  prove  that  the  absolute  magnitude 
of  the  evaporation  from  a  fi«e  water  surface  has,  until  lately,  been  largely  over- 
Mimated,  and.^ince  no  actual  gaugings  showing  the  loss  assumed  to  exist 
bave  ever  been  recorded,  I  am  inclined  to  believe  that  in  Temperate  Insular 
dimates  at  any  rate,  the  loss  is  inappredable,  or  even  non-existent  Further 
evidence  is  required  before  this  can  be  accepted  as  universally  accurate^ 
although  it  mtty  be  noted  that  the  value  assumed  for  the  mean  rain-fall  loss 
(i>'>io'6  inches)  io  the  Aker  (Norway)  project  {Teck.  Ugeilad,  1907,  p.  21) 
which  refers  to  a  catchment  area  of  86  square  miles,  containing  about  1 8  square 
miles  of  lakes,  is  a  very  low  one  for  the  mean  temperature  of  the  locality,  and 
is  ai^)4rently  founded  on  long- continued  gaugings. 

Gi^CiSR-F&D  STX£Aifs.--Tbe  present  state  of  development  of  water 
power  schemes  neoeuitates  a  consideration  of  the  conditions  of  streams 
of  which  the  catchment  areas  contain  glacieis. 

Onr  knowledge  on  the  subject  is  unsatisfactory.  Such  rivers  as  the  Upper 
Rhone  (which  includes  about  ao  per  cent  of  glacier  area  in  its  catchment),  are 
<pi)le  atmomtal,  and. the  rvn-off  may  rise  to 90  per  cent  of  ti^  recorded  rain. 
As    Forel   has  suggested,  it  is  possible    that  the  moisture    of   the  air   ie 
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condensed  on  a.  glacier  surface  in  a  fbnn  that  cannot  be  recorded  l^  a  nin- 
gauge. 

As  general  rules  it  niay  be  stated  that ; 

(«)  The  yearly  nm-ofT  from  a  glacier  is  very  heavy.  Those  feeding  Ldces 
Como  and  Maggiore  in  Nortberti  Italy  give  about  twenty  times  the  yield  of 
equal  adjacent  areas  where  no  glaciers  occsur. 
'  {b)  Just  as  the  metling  snow  causes  a  spring  flood,  so  the  more  gradual 
melting  of  glaciers  produces  (in  a  purely  glacial  stream)  a  summer  period  of 
higli  water  at  ihe  season  when  lowland,  or  hill  streams,  are  at  their  smallest 
A  glacier  thus  acts  as  a  reservoir,  maintaining  the  summer  flow.       ' 

I  append  curves  showing  Che  flow  of  the  Upper  Rhone,  and,  as  a  contrast, 
that  of  the  Durance,  a  mountain  river  which  is  not  glacier  fed.    (Sketch  No.  ;i.) 

Daily  Variations  of  Mountain  Streams.— As  a  glacieT-fi*d  stream  is 
highest  in  summer,  so  streams  issuing  frmn  a  lofty  mountain  range  are  frequently 
found  to  possess  a  well-marked  day  and  night  variation  in  flowj  especially  in 
summer  Weather.  Since  this  often  amounts  to  as  much  as  30  per  cent,  of 
the  daily  flow,  and  is  sometimes  noticeaUe  at  points  far  removed  from  the 
mountains,  it  must  be  looked  for  in  all  sudi  strcutts,  and,  if  found,  wiU 
necessitate  the  installation  of  a  recording  gange,  for  since  the  variation  oecors 
at  approximately  the  same  period  each  day,  the  results  of  daily,  or  even  twelve 
hourly  gauge  readings,  will  be  hopelessly  erroneous. 

RELATIOy    BETWEKN     MXAN    YEARLY    RaIN-FALL    AND    RUN-DPr.— The 

most  reliable  observations  cm  the  relations  between  ttft  mean  rain-Atll  Xm,  and 
the  ntean  rtin-off^K,  are  to  be  found  in  the  Geiman  and  Austrian  studies  on 
the  subject. 

Although  very  accurate  mn-off  observations  exist  in  America,  the  corre- 
spionding  data  for  ram-fidl  are  by  no  means  so  trustworthy. 

In  view  of  the  great  regularity  of  rain-fall  distribution  in  space  existing  in 
the  £an«n  United  States,  the  fact  that  gauge  stations  are  sparsely  distributed 
is  perhaps  not  of  great  importance;  but  the  records  are  mostly  for  Ifhort 
periods,  and  the  local  circumstances  of  the  rain-gauges  (Judging  by  accessible 
information)  are  generally  less  favourable  to  accurate  results  than  is  nsnal  in 
Europe. 

The  British  rain-fell  records,  thanks  to  Ihe  labomv  of  Symons  and  Mill; 
are  probably  the  best  in  the  world,  but  the  nm-off  records  ate  usually  kept 
secret. 

In  Germany,  nin-off  and  rain-fell  stailistics  are  good,  and  publicatioa  ts 
systematic  and  customary. 

Fortunately,  we  are  able  to  state  that  the  relations  existing  in  Germany  ate 
very  similar  to  those  in  Great  Britain,  except  in  the  case  of  some  British  areas 
of  unusually  heavy  rain-fall,  so  that  the  labour  of  comparison  will  not  be 
wasted. 

Taking  the  results  tabulated  by  Keller,  in  his  paper  NUdgnekiag,  AbJUas 
und  Verdumtung  in  Mittleuropa,  which  are  the  means  of  a  series  of  years 
varying  between  6  and  30,  and  rejecting  all  observations  marked  by  hhn  as 
doubtfbl,  we  arrive  at  the  following  : 

Seventeen  flat  areas,  with  a  mean  rain-&11  varying  from  iS'ii  to 38*03  incbes, 
give  a  mean  value  for  the  mean  rain-All  loss  trf  15-38  indies,  with  a  prtibaUe 
error  of  ±7*4  per  crat.,  and  a  maximum  mean  lots  for  iadindoal  afeas  of 
1770  inches,  with  a  minimum  of  13*81  inches. 
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For  NX  areas,  partly  flat,  and  partly  hilly,  with  rain-falls  varying  from 
2G'20  to  3330  inches,  the  mean  of  all  the  mean  losses  is  16*09  inches  wiih  a 
probable  error  of  ±4*9  per  cent.,  a  maximum  mean  loss  of  1930  inches,  and  a 
minimum  of  17-03  inches. 

Fw  twenty-four  hilly  areas,  with  rain-falls  varying  from  3412  to  4930  inches, 


600 


-RlwieatS-Maurict 
-Durance  3tBompa?i. 


J.   E  M.  R.   U^  Ju.  j^  (k  s.   a   H   a 

Sketch  No.  51.— Monthly  Discba^e  of  Ihe  River*  Rhone  and  Durance. 


ibe  mean  of  all  the  mean  losses  is  18*67  inches,  with  a  probable  error  of  ±  S-3 
per  cent,  a  maximum  mean  loss  of  21-08  inches,  and  a  minimum  loss  of  1563 
inches.  Rejecting  the  three  areas  which  have  rain-falls  exceeding  40  inches 
and  small  lain-fall  losses,  the  mean  loss  is  19*06  inches  and  the  probable  error 
only  ±6*4  per  cenL,  and  the  minimum  loss  is  now  16-94  inches. 

For  eight  Alpine  areas,  with  rain-falls  varying  between  38*80  and  68- 10  inches, 


14 
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the  mean  loss  is  i7'i8  inches,  and  the  probable  error  ±31  per  cent.  Here 
also,  rejection  of  the  two  wettest  areas  reduces  the  loss  to  i  $'63  inches,  and  the 
probable  error  to  ±6'6  per  cent. 

It  may  therefore  be  stated  that,  excluding  very  rainy  areas  (over  45  iikcbes), 
the  probable  errors  of  the  mean  rain-fall  loss  are  but  small,  and  that  the  values 
obtained  from  areas  of  like  configuration  may  be  applied  with  a  fair  degree  of 
confidence  to  those  for  which  no  records  exist. 

For  very  rainy  areas  the  values  appear  to  be  less  consistent,  but  this  may  be 
ascribed  to  the  fact  that  the  areas  are  small  to  extent,  with  steep  slopes,  so  that 
local  influences  have  greater  weight. 

It  must  also  be  recollected  that  the  space  variation  of  the  rain-fall  is 
accentuated  in  such  cases.  Therefore  the  mean  value  of  the  rain-tall  is  less 
easily  obtained,  and  it  is  quite  certain  that  the  number  of  rain-gauges  estab- 
lished in  the  above  mentioned  Alpine  districts  (on  the  avenge  one  per  400 
square  miles)  would  not  be  considered  sufficient  in  similar  areas  in  the  British 
Isles. 

When  Kellcr^s  results  are  applied  to  estimate  the  values  of  the  rain-fall  loss 
for  areas  of  a  size  such  as  are  usually  developed  for  town  irater  supplies,  the 
fact  that  ibe  average  area  of  the  catchment  areas  is  : 

Flat 3180  square  miles 

Partly  flat  and  partly  hilly       .  ^  6020  „ 

Hilly 3400  » 

Alpine %b\a  „ 

must  be  carefully  borne  in  mind.  When  town  water  supplies  are  considered,  a 
catchment  area  of  30  square  thiles  is  lai^e.  The  size  of  the  area,/«rM,  does 
not  affect  the  value  of  the  mean  rain-fa!I  loss,  but  the  effect  of  any  abnormal 
circumstance  is  likely  to  be  relatively  more  marked  in  small  areas  than  in  the 
larger  areas  studied  by  Keller. 

A  town  water  supply  catchment  area  is  usually  at  a  relatively  high  devation. 
Hence,  invisible  leakage  out  of  the  catchment  area  through  permeable  beds  ii 
more  likely  to  occur  than  invisible  leakage  into  the  catchment  area.  Keller's 
areas  are  so  large  that  leakage  by  permeable  beds  is  not  likely  to  greatly 
influence  I  he  results  either  way. 

We  must  therefore  consider  Keller's  results  merely  as  mean  values,  and 
should  be  prepared  to  make  allowances  for  abnormal  circumstances,  if  such 
exist  in  the  catchment  area,  on  a  far  larger  scale  than  any  of  the  figures  given 
by  Keller  would  indicate.  I  consider  that  al!  Keller's  results  for  wet  areas 
probably  err  to  a  considerable  extent,  owing  to  the  fact  that  the  iain-&ll  is 
underestimated.  The  results,  however,  form  a  very  useful  practical  guide  for 
the  estimation  of  the  run-ofTs  of  wet  areas,  since,  so  far  as  can  be  ascertained, 
the  rain-fall  of  all  abnormally  wet  European  areas  is  probably  underestimated 
owing  to  the  fact  that  the  very  wettest  portions  of  such  areas  is  usually  but 
sparsely  inhabited.  Mill's  paper  (P.I.C.E.,  vol.  1 55,  p.  305),  affords  two  very 
interesting  large  scale  examples  {i.t.  Central  Wales,  and  Western  Northtunber- 
land)  of  this  fact.  Keller's  original  paper  thoroughly  deserves  study  by  all 
hydraulic  engineers. 

When  the  whole  of  Keller's  results  are  plotted  with  raJB-fiUls  as  absdssx, 
and  rain-fall  losses  as  ordinates,  we  find  that  the  points  ibrm  a  group  with  well- 
marked  boundaries.    These  agree  very  closely  with  str^ght  lines,  and  translated 
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into  English  measure,  Keller's  results  are  as  follows,  where  Xa„  represents  the 
mean  aoaual  rain-fall  in  inches,  and  7n,  the  mean  annual  rain-fall  loss  in  inches. 
The  mean  result  is  : 

«'.-o-o5&r„+ 15-95.    Or,  run-off=  \^  rain-fall- 16  inches. 

In  no  case  is  : 

«M  less  than  13*80  inches. 
In  no  case  is : 

>.  greater  than  o'li&rn-l- 18-10  inches. 
Or,  the  run-off  is  always  larger  than  \  rain-fall— 18  inches. 

Now,  for  other  than  German  areas,  such  detailed  figures  cannot  be  given. 

The  published  British  records  are  usually  abnormal,  bemg  for  a  dry 
year,  or  for  a  series  of  dry  years.  Approximately  accurate  figures  can  be 
airived  at  by  a  comparison  with  those  available  in  Germany,  and  also  by 
Dtilising  unpublished  data.  Tlie  difference  is  almost  entirely  due  to  the  foct 
that,  owin^  to  the  more  equable  climate,  the  loss  is  somewhat  less  in  Great 
Britain.  By  using  Keller's  methods  I  find  that  the  figfures  for  areas  of  which 
the  mean  rain-fall  is  less  than  60  inches  are  : 


n  values  I  have  been  unable  to  find  a  reliable  mean  loss  for  any 
English  district  less  than  125  inches,  but,  following  Keller's  results,  I  believe 
that  mean  losses  as  low  as  11  inches  do  occur,  and  I  hope  that  my  statement 
may  result  in  their  publication. 

As  maximum  losses  we  have  figures  as  high  as  22-5  inches,  and  even  23 
iaches,  but  in  each  case  the  areas  are  small  (about  500  acres),  and  the  run-ofT  is 
probably  diminished  by  faults  and  fissures  in  the  subsoil.  These  lai^e  values  are 
alurays  short  period  values,  being  the  average  of  three  to  five  years  at  the  most. 

It  must  not  be  forgotten  that  the  presence  of  a  limestone  stratum,  or,  more 
especially,  of  a  chalk  sttatnm  in  a  catchment  area,  alters  the  usual  relation 
between  rain-fall  and  run-off.  The  stratum  is  probably  fissured,  and  may  afford 
an  invisible  channel  of  escape  for  a  lai^e  portion  of  the  water  that  foils  on  it, 
or  may  contribute  in  the  form  of  springs  originating  in  places  which,  according 
to  the  suifiice  topography,  are  not  included  ia  the  catchment  area.  The  stratum 
(as  in  the  case  of  bournes  such  as  are  found  in  the  limestone  and  chalk  dis- 
tricts of  Yorkshire,  Derbyshire,  and  Southern  England)  may  act  as  a  reservoir, 
and  store  up  large  quantities  of  water,  which  are  delivered  in  the  form  of 
intermittent  streams  flowing  at  intervals  of  years.  Since,  however,  the  most 
oatural  method  of  securing  water  in  such  districts  is  by  means  of  wells,  catch- 
ment areas  entirely  underlain  by  permeable  strata  are  unlikely  to  be  utilised 
for  water  supply.  Where  the  catchment  area  is  partially  occupied  by  such 
strata  it  is  wise,  unless  springs  occur,  to  allow  a  diminution  in  the  run-oflT  from 
the  <li^k  aiea  of  3  to  5  inches  per  annum,  in  addition  to  the  loss  indicated  by 
ordinary  rales. 

Relation  between  the  Rain-pall  and  Rain-fall  Loss  for  Individual 
Years. — The  above  discussion  permits  us  to  determine  Sm,  the  mean  rain-laU 
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loss  over  a  long  period  of  years  for  a  catchment  area  the  mean  rain-fall  of 
which  during  that  period  is  Xw,  in  the  form : 

British  Isles  ■    »«  =  i4+o'o6tir., 

Germany     .  ■    Ci  =  i6-)*o'od>:K 

Eastern  United  States.  ,    m^=-  id'S+o'aarn 

where  the  first  two  cases  refer  to  average  catchment  areas,  while  the  third 
may  be  suspected  as  relating  to  somewhat  more  markedly  permeable  districts, 
bat  is  founded  on  the  most  accurate  records  that  I  have  been  able  to  discover. 
We  have  now  to  consider  the  relation  of  r,  and  x,  for  a  given  catchmeat 
area  in  individual  years-    The  relation  appiears  to  take  the  form  : 

and  a,  is  plainly  obt^ned  by  putting  ^  =  J'n,  and  x  =  Xmt  rV. : 

s  14— o-joth,  for  the  British  Isles. 

«  16— o'lOTm  for  Germany. 

=  i6'S4-o-o4.r,,u  for  the  Eastern  United  States. 

This  last  may  be  compared  with  Vermeule's  statement  that  g  =  i5';+o'i6r. 
The  difference  amounts  to  about  2,  or  3  inches  for  the  rain-falls  usually  occim- 
ing  in  the  Eastern  United  States,  and  is  quite  explicable  by  the  &ct  that  the 
more  generally  accessible  records  [such  as  I  have  used)  are  known  to  refer  to 
somewhat  unfavourable  cases. 

These  last  relations  are  very  rongh,  and  are  put  forward  in  order  to 
invite  criticism ;  aitd  by  way  of  indicating  the  slight  respect  they  deserve 
it  may  be  stated  chat : 

(a)  All  very  wet  years  (usually  any  years  with  more  than  i3o  per  cent  «f 
the  mean  fall)  have  been  n^lected. 

(p)  When  examined  by  the  theory  of  errors,  the  figttre  o'i6  bccomci 
o-i6  ±  0-07  J  and,  the  figure  14,  14  ±  4-3. 

The  only  consoling  fact  is  that  these  figures  indicate  that  the  rule  has,  in 
all  probability,  a  physical  basis. 

{c)  I  would,  however,  point  out  that  any  engineer  possessing  records  will 
easily  obtain  figures  which  are  more  applicable  to  his  own  results  by  graphtcaliy 
plotting  the  x  and  «  for  each  year,  as  was  done  in  discussing  Ingham's  results. 

A  table  of  the  values  obtained  in  this  manner  is  given  on  page  197. 

Penck,  (I  have  been  unable  to  trace  the  reference)  ftom  his  studies  on  the 
question,  has  arrived  at  expressions  equivalent  to  ; 

s  =  i2+o'37;r  for  European  catchment  areas. 

a  =  io'i+o'2CLi:'  for  United  States  catchment  areas. 

The  values  given  by  the  first  rule  do  not  diffar  markedly  from  mine,  and 
any  discrepancy  is  probably  due  to  my  neglect  of  the  wetter  years,  which  is 
justifiable  for  engineering  purposes,  although  out  of  |dace  in  a  purely  scientiik 
investigation. 

The  observations  utilised  to  determine  Penck's  second  eqnatiiw  refer  to 
areas  possessing  climates  of  both  the  first  and  second  types,  and  the  divergence 
from  my  rule,  is  therefore  not  surprising- 

As  examples  £if  the  methods  exj^ained  above,  let  us  consider  : 
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(i)  A  British  catchment  arcB  tA  45  inches  mean  rain-bll.  The  mean  loss 
over  a  series  of  yean  is  i4+cro6x4;  «  16*7  inches.  The  rule  for  losses  in 
itidi*idual  yean  is  expressed  bjr : 

«  =  a+o'i&r 
or,  i67  =  {i+oi6x4S.     Or,  a  =  9Si  *"<*  *  =  9'S+o'i^* 

Estimating  the  rain-fall  aocoiding  to  Binnie's  rules,  in  a  long  series  of  years  : 

The  driest  year  will  have  a  ^1  of  30  inches,  and  a  loss  of  14*3  inches,  or 
a  niD-off  of  1 57  inches. 

The  average  fall  of  the  two  driest  successive  years  will  be  33  inches.  The 
»er^«  loss  I4'8  inches,  and  the  average  run-off  182  inches. 

The  average  &11  of  the  three  driest  consecutive  years  will  be  35  inches.  The 
average  loss  ij'i  inches,  and  the  average  run-off  19*9  inches. 

The  mean  fall  will  be  45  inches.  The  mean  loss  167  inches,  and  the 
nwBi)  run-off  183  inches. 

The  average  fall  of  the  three  wettest  consecutive  years  will  be  55  inches. 
The  average  loss  i8'3  inches,  and  the  aven^  run-off  367  inches. 

For  the  two  wettest  consecutive  years  the  figures  are:  58  inches,  i8'8 
inches,  and  39*3  inches  respectively. 

For  the  wettest  year,  the  figures  are  :  65  inches,  197  inches,and  45*3  inches. 

(ii)  Similar  figures  for  a  rain-fall  of  25  inches,  are : 

mean  loss=i4-i-o'o&rH~i 5*5)  loss  for  an  individual  year,.t'=:it';-t-o*t&x', 
and  the  calculated  figures  are  as  follows : 


! 


Run-fall. 


Driest  year     '  .  .  ' 

i  Driest  a  consecutive  years . 
I  Driest  3  consecutive  years  . 
I  Mean  of  all  years       .        .  ' 
I  Wettest  3  consecutive  years  1 
i  Wettest  3  consecutive  years 
,  Wettest  year 


i6-5  (16-81 

18-3  {19-4) 

19-5  (ao-o) 

»S"o  (35-3) 

307  (330) 

3  2 '5  (34'o) 

36-3  (370) 


(Actually  observed  figures  a 


;give 


141  (13-3) 

14-4  (i4'i) 

14-6  (13-9) 

■5-5  (160) 

i6-4  (i6-o) 

167  (15-8) 

173  (i8-3) 

n  brackets.) 


Run-oC 

«-4 

(,V« 

3'9 

(VJ> 

4'9 

(6-.I 

•rs 

(9") 

'4M 

<i7-») 

■■>■» 

(i8-!) 

.8-8 

(i8-8) 

The  recofds  extend  over  21  years,  and  it  is  believed  that  these  21  years 
include  rather  more  than  a  usual  proportion  of  dry  years;  thus,  while  the 
dry  year  observations  probably  show  the  worst  that  is  likely  to  occur,  wetter 
years  may  possibly  be  observed. 

As  has  already  been  noted,  these  rules  refer  to  years  in  which  the  seasonal 
distribution  is  normal,  and  we  may  expect  to  find  that : 

(/)  The  run-off  for  the  driest  year  is  underestimated,  but  the  calculated 
figure  docs  not,  necessarily,  underestimate  ihe  minimum  yeariy  run-off. 

(iV)  The  run-off  for  the  wettest  year  is  overestimated. 

Xt'O  The  sum  of  the  values  for  two  and  three  consecutive  years  will  agree 
far  more  closely  with  observation  than  the  results  of  Individual  years. 

Comparii^  the  two  areas,  we  see  that  in  an  extremely  dry  year  the  run- 
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off  of  the  drier  area  (when  compared  with  that  of  the  wetter  area)  is  far  less 
than  the  ratio  of  eitiher  the  meas  or  the  individual  foils  would  lead  us  to 
believe ;  and  in  the  wetter  years  the  same  divergence  occurs,  althoogfi  less 
markedly,  for  all  the  run-offs. 

As  an  example  that  can  also  be  compared  with  actual  observation,  take 
an  American  catchment  area  of  47  inches  mean  rain-fall.  The  relation  between 
rain- &U  and  rain -fall  loss  being  given  a3»=  i;-fo'25;r.  The  calculated  figures 
are  shown  below,  while  the  observed  values  are  given  in  brackets  : 


Rain-bll. 

Ruo-laU  Loss. 

Run-off. 

Driest  year 

2  driest  consecutive  yeare  . 

3  driest  consecutive  years  . 
Mean  of  35  years 

3  wettest  consecutive  years 
a  wettest  consecutive  years 
Wettest  year      . 

31-0    (312) 
34-3    (357) 
36-7    (38'3) 
47 'o    (47'o) 
58-8    (S2-7 
61 -9     59-3) 
64-4    (69-3) 

23-6     (23-2), 
24-2    (a3'S) 
26-8    (26-7) 
297    (36-6) 
30-5    {40-4) 
31-6    (42-4) 

8-1    fioij 
107    (ii-5) 
13-5    04-8)  1 
ao-2    (20-3) 
29-1    C194) 

35-8    (^6-9) 

The  agreement  is  fair  for  the  dry  years,  but  is  abnormally  bad  for  the 
wet  ones.  On  referring  to  the  monthly  records,  it  will  be  found  that  while  the 
proportion  ol  summer  and  winter  rain-fall  in  the  dry  years  is  very  close  to  the 
normal,  the  wet  years  all  have  an  abnoTmaily  large  proportion  of  summer 
rain-fall.  It  is  for  this  reason  that  I  have  selected  this  adverse  example,  as 
it  seems  necessary  to  illustrate  the  errors  that  may  be  produced  by  n^lectiiig 
the  seasonal  distribution.  Better  results  might  be  obtained  by  considering  all 
years  below  the  average  as  one  group,  and  those  above  the  average  as  another, 
and  deducing  separate  relations  of  the  form  : 

£=  a^bx 
for  each  group. 

Wet  Artas.—Yiit  very  wet  districts  (roughly  those  where  the  mean  rain-fall 
exceeds  70  indies),  the  above  rules  are  generally  considered  not  to  hold  good. 
Actual  figures  are  very  rare,  since  such  areas  are  usually  small,  and  give  so 
good  a  yield  that  scarcity  of  water  is  but  seldom  experienced. 

A  study  of  45  yearly  records  of  three  such  catchment  areas  has  led  me  to 
believe  that  the  law  is  best  represented  by  the  following  equation  : 

»=3+o-6(x-^„) 

Consequently,  the  yearly  run-off  is  far  more  constant  than  that  of  drier 
places. 

The  basis  for  this  rule  is  obviously  not  very  broad.  In  such  cases  it 
would  appear  that  the  total  amount  of  invisible  storage  (see  p.  188)  has  a 
considerable  influence  on  the  yearly  run-off;  a  very  large  invisible  reservoir 
tending  to  increase^,  and  viet  versa.  This  appears  to  indicate  that  ground 
surface  evaporation  from  such  thoroughly  saturated  areas  is  always  active,  and 
the  invisible  storage  being  more  or  less  shielded  from  surface  evaporation,  the 
larger  the  amount  of  water  thus  stored,  the  greater  the  yearly  run-off.     1  must, 
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however,  point  out  that  the  measurement  of  the  rain-fall  and  run-off  from  such 
districts  is  attended  by  very  special  difficulties.  The  rain-fall  is  heavy  and 
patchy,  and  the  stations  at  which  it  is  observed  are  usually  sparsely  distributed 
over  the  area.  The  monthly  rain-falls  being  heavy,  the  special  gauges  erected 
br  the  engineers  are  frequently  found  to  have  overflowed.  Thus,  the  rain-fall  is 
likely  to  be  underestimated.  A  large  proportion  of  the  run-otT  passes  off  in 
floods  and  freshets,  so  that  accurate  estimation  is  difficult.  The  results 
obtained  at  Mercara  and  at  Labugama  (see  p.  349)  arc  probably  the  most 
accurate  information  available  and  unfortunately  refer  to  Tropical  climates. 

Diitridution  of  Run-off  during  the  Year. — The  smaller  the  size  of  the 
reservoir  provided  to  equalise  the  tun-off  over  a  year,  or  series  of  years,  the 
more  important  the  question  of  the  monthly  or  other  short  period  distribution  of 
the  run-off  becomes.  In  the  ordinary  British  town  water  supply,  the  short 
period  distribution  may  be  almost  entirely  disregarded,  since  the  storage 
reservoir  is  snfficiently  large  to  equalise  the  supply  over  the  whole  year. 
The  usual  low  head  power  station  of  the  Eastern  United  States  lies  at  the 
other  end  of  the  scale.  Here,  at  the  most,  the  night  flow  of  the  river  is  stored 
up  for  use  next  day.  In  such  cases  the  daily  values  of  the  run-off  are  im- 
portant. In  general,  however,  we  can  assume  that  a  reservoir  of  sufiicient  size 
to  equalise  the  flow  over  a  month  exists. 

The  ruling  factor  is  of  course  the  structure  of  the  catchment  area,  as 
providing  either  the  visible  reservoiis  formed  by  topc^aphical  features, 
soch  as  lakes  or  ponds,  or  the  invisible  storage  afforded  by  permeable 
strata. 

An  approximate  method  of  obtaining  an  idea  of  the  influence  of  this 
storage  (especially  the  geological  storage)  has  already  been  given  and  should 
beapfdied  in  all  cases.  It  is  especially  valuable  when  the  district  under 
consideration  is  situated  dose  to  a  catchment  area  in  respect  to  which  long 
term  records  of  rain-fall  and  run-off  are  available.  We  can  then  assume  the 
^fference  in  the/'s,  for  the  two  catchments  as  calculated  for  those  years  over 
which  simultaneous  records  exist,  as  likely  to  vary  but  little  in  other  years, 
and  may,  (subject  to  this  constant  difference),  apply  the  long  term  records 
to  the  catchment  area  which  it  is  proposed  to  study.  Under  such  circum- 
stances, we  may  believe  that  the  deduced  run-offs  are  more  than  usually 
accurate. 

The  process  generally  adopted  by  engineers  for  the  determination  of  the 
monthly  run-offs  of  a  catchment  area  now  requires  examination.  1  give  three 
methods.  The  first  is  the  most  general,  and  ail  that  can  really  be  said  is  that 
it  is  simple.  The  second  is  not  so  common,  and  is  even  less  accurate  than 
the  first,  but  is  given  owing  to  its  frequent  employment  in  the  past.  The 
third  is  a  logical  and  scientific  method,  but  is  so  complicated  as  to  be  almost 
inapplicable,  except  to  areas  that  have  been  very  carefully  studied  for  long 
periods. 

It  is  to  be  hoped  that,  before  the  final  designs  are  prepared,  the  engineer 
will  possess  at  least  a  year's  systematic  record  of  the  flow  of  the  streams  which 
it  is  proposed  to  deal  with,  and  if  he  is  so  fortunate  as  to  have  statistics  for  five 
years  at  his  disposal,  he  may  consider  himself  lucky. 

However,  assimiing  only  one  year's  record,  the  engineer  will  then  be  able 
to  jodge  by  the  rain-fall  data  whether  he  is  dealing  with  a  dry,  normal,  or  wet 
year,  and  can  draw  up  a  monthly  table  of  the  following  type  : 
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Rain-Ul. 

Run-off. 

LOIE. 

tall  appealing  u 
Run-off. 

January     . 
February  . 
March       . 
April 
May. 
June 

July.         . 
August 
September 
October    . 
November. 
December 

^:5I 

176 
J -38 

i-8i 
1-30 
076 
177 
2-41 
1-91 
3->3 
1-68 

^■46 

1-04 
084 
o'S7 

o-*3 

019 
0-23 

0-44 
0-52 

0-09 

0-93 
0-8 1 

% 

1-58 
1-67 

9«S 
I3«'8 
477 
4>-3 
=4-9 
3*9 
30-3 
10-7 

■n 
■3-« 
3i« 

Total        . 

31-32 

7-69 

13-63 

3a-. 

Which  is  the  record  for  the  Thames  valley  for  1887,  and  is  due  to  Binnie 
(Report  on  the  Flow  cf  the  Thames).  I  regret  that  1  am  not  pennitted  to 
publish  in  detail  a  more  ty[ucal  British  record,  although  the  rain-fall  in  the 
above  example  is  probably  far  better  determined  than  is  usually  the  case.  The 
above  figures  are  for  a  very  dry  year,  probably  the  third  driest  of  the  last 
century.  The  area  to  which  they  refer  is  some  3,855  square  miles,  with  gentle 
slopes,  and  is  almost  wholly  underlain  fay  permeable  strata.  The  typical 
British  reservoir  catchment  is  about  40  square  miles,  with  steep  slopes,  and  is 
generfUly  underlain  by  impermeable  strata.  The  flow  of  the  TTiames  is  there- 
fore (and  actual  comparison  of  records  confirms  the  statement)  more  equable 
throughout  the  year  than  is  the  case  in  a  typical  catchment  area. 
The  figures  for  the  mean  of  nine  years,  1SS3-1891,  are  : 

Rain-fall,  37'oi.        Rua-oif,  849.        Loss,  i8'S2. 

It  will  be  noticed  that  the  dry  year  loss  is  less  than  the  average,  and  this 
may  be  taken  as  holding  in  nearly  all  cases.  Vice  versa,  the  wet  year  loss  is 
larger  than  the  average  t  and,  as  in  the  case  of  this  particular  record,  the 
driest  year  is  not  necessarily  the  year  of  minimum  ruD-off,  for  in.  1884  the 
records  were : 

Rain-fall,  2290.        Run-off,  656.        Loss,  1634- 

As  another  example  we  may  take  the  table  on  page  Z17,  which  forms 
a  typical  American  wet  year  table,  being  for  the  Sudbury  River  drainage 
of  75  square  miles,  for  the  year  1878,  the  wettest  between  1875  ^°^ 
1897. 

The  mean  records  for  this  area  for  the  twenty-eight  years  are  : 

Rain-fall,  4578.        Run-off,  22-22.        Loss,  la's*. 
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Percentige  of  Rain- 

liain-Iall. 
5-63 

Kun-off. 

Lois. 

""•^K?" 

January     . 

3'23 

2-40 

S7'o 

Febrnaty  . 

5 '97 

3"97 

660 

March       . 

4-69 

6-26 

-I-S7 

133-0 

April 

579 

a'8i 

298 

48-0 

May.        . 

o'96 

2-49 

-'■S3 

260-0 

June.        . 

3-88 

0-87 

3-01 

22'0 

July.        . 

2-97 

0-23 

2-74 

80 

August 

6-94 

0-84 

6-10 

I2'0 

September 

1-29 

o-a8 

I'OI 

22 -O 

October    . 

6-4a 

092 

5'5o 

14-0 

November 

7-02 

2-93 

4-10 

420 

December. 

6-37 

567 

070 

890 

52-6 

Total 

5  7 '93 

30'49 

37-44 

It  will  be  noticed  that  the  loss  in  this  wet  year  is  above  the  awrage,  and  so 
also  is  the  nin-off.  The  negative  lass  in  March,  due  to  melting  sno*,  is 
anakigoiB  to  the  negative  loss  for  the  Thames  in  February,  and  3nch  larg« 
Spring  negative  lasses  are  characteristic  of  Northern  Atnerican  drainage  areas, 
and  also  occur,  although  less  markedly,  and  with  occasiMial  exceptions,  is 
Engtiah  areas. 

Taking  the  above  as  a  basis,  we  must  now  construct  similar  tables  for 
other  years  for  which  we  only  possess  records  of  the  monthly  rain-foils. 

Two  methods  are  employed  by  engineers,  and  1  shall  give  both,  for  although 
I  am  fully  convinced  that  the  first  is  the  more  accurate,  1  am  well  aware  that 
many  engineers  make  use  of  the  second. 

1  shall  term  them  the  Subtractive  and  the  Proportional  Methods. 

The  Subtractive  MeTHOD.~'Y\a%  consists  in  subtracting,  (or,  when  the 
loss  is  recorded  as  negative,  in  adding]  the  observed  monthly  loss  for  the  year 
of  obeervation  from  the  observed  monthly  rain-falls  for  the  other  years,  and 
considering  this  result  as  representing  the  most  likely  value  of  the  monthly 

The  principal  pitfalls  occur  in  dealing  with  sujnmer  months.  It  is  well 
known  that  in  the  summer,  topographic  run-off  (as  distinct  from  ground-water 
flow)  is  almost  entirely  produced  by  rain  that  occurs  on  days  of  great  rain-&ll 
only.  Hence,  it  is  quite  possible  that  two  summer  months  of  identical  total 
ruD'fall  may  give  very  different  run-offs.  In  the  one  case,  the  total  rain  may 
fall  in  a  short  heavy  storm,  and  (especially  on  an  impervious  area),  3  large 
fraction  may  reach  the  stream ;  while  in  the  other  case,  the  rain  may  fall  as  a 
mccession  of  slight  showers,  of  short  duration,  and  may  all  be  absorbed  by 
the  growing  vegetation. 

It  is  therefore  necessary  to  carefully  examine  the  daily  rain-falls  of  the 
summer  months,  and  to  ctnnpare  their  general  intensity  with  those  of  the  year 
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of  observation.  Such  enors  are  less  likely  to  occur  in  the  winter  months,  but 
their  possibility  should  be  borne  in  mind.  It  must  also  be  reniembered  tliat 
b  climates  where  a  marked  feature,  such  as  the  melting  of  the  snow,  or  the 
commencement  of  the  monsoon,  occurs,  the  month  does  not  properly  specify 
the  season  in  so  far  as  it  affects  the  run-off.  For  example,  if  in  the  year  of 
observation  the  snow  melts  in  April,  it  is  plain  that  the  April  loss  should  be 
debited  to  March  in  years  during  which  the  snow  melts  in  that  month. 

A  study  of  temperature  records  will  often  be  of  great  assistance.  It  is 
evident  that  if  statistics  for  three  or  four  years'  run-off  can  be  secured  tbe 
sources  of  error  can  be  minimised,  and,  while  accurate  dischai^e  observations 
axe  more  useful,  a  study  of  records  of  high  and  low  water,  or  daily  gau^ 
readings,  is  not  to  be  despised. 

Proportional  Mkthod.—1\C\&  is,  I  believe,  a  relic  of  certain  early,  and 
now  obsolete,  rules  for  estimating  rtin-off  as  60,  or  some  other  percentage  of 
the  rain-falL 

The  method,  as  now  applied,  consists  in  calculatii^  the  ratio  -^-^ — >-t.  for 
each  month  of  the  year  in  which  the  observations  were  taken,  and  obtaining  the 
run-off  in  other  years  by  multiplying  the  rain-fall  for  each  month  by  this  ratio. 

The  system  does  not  appear  to  rest  on  any  very  logical  basis,  and  has  one 
grave  defect,  nainely,  a  tendency  to  overestimate  the  yield  of  dry  months  and 
dry  periods.  Since  the  subtractivc  method  tends  to  underestimate  the  yields 
of  such  periods,  it  is  at  any  rate  safer. 

I  have  taken  pains  to  calctilate  the  monthly  ratios  for  many  catchment 
areas  over  several  years,  and  find  that  they  vary  Ikr  more  than  the  correspond- 
ing losses.  It  may  be  that  the  method  is  applicable  to  certain  some«4iat 
peculiar  catchment  areas,  but,  so  far  as  I  have  been  able  to  ascertain,  no 
engineer  possessing  several  years'  records  of  rain-fall  and  run-off  has  been  led 
to  use  it. 

The  investigation  of  the  question  given  in  connection  with  annual  run-off 
statistics  shows  that  if  the  rain-fall  records  do  not,  for  any  reason,  correctly  give 
the  true  fall  on  the  catchment  area,  the  proportional  method  of  estimating  the 
rtm-ofT  acquires  a  spurious  accuracy,  which  is  apparently,  and  only  apparendy, 
greater  than  that  of  the  subtractive  method- 

The  real  deduction  to  be  drawn  is  that  where  the  rain-fall  is  accurately 
determined,  the  subtractive  method  is  preferable.  Where  it  is  less  correctly 
known,  the  proportional  method  has  certain  advantages,  and  especially  in  a 
case  where  the  recorded  value  of  the  rain-fall  is  approximately  proportional  to, 
and  somewhat  less  than  the  true  value,  the  latter  may  prove  to  be  the  more 
accurate. 

The  methods  employed  in  practice  by  engineers  are  very  accoistely 
indicated  by  this  method  of  reasoning.  In  the  British  Isles,  and  Germany, 
where  the  rain-fall  is  well  determined,  the  subtractive  method  is  usually 
employed.  In  France,  the  United  States  (until  recently),  and  India,  the 
proportional  method  is  more  common,  and  in  these  countries  rain-fall  observa- 
tions are  relatively  less  accurate. 

Third  Method  taking  into  Acconnt  the  Efiect  of  Ground  Water  Stonc«  on 
Run-off.— The  importance  of  the  storage  of  water  in  pervious  strata  and  swamps 
has  already  been  considered,  and  its  general  effect  in  partly  equalising  the 
monthly,  and  even  (although  less  maricedly)  the  yearly  run-offs,  is  obvious. 
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Venneule  (Rtfiort  of  Gtohgkai  Sttrv^  of  New  Jersey,  1894)  has 
endeavoured  to  treat  the  question  systematically.  While  the  difficulties  are 
apparent,  1  consider  tliat  his  methods  deserve  careful  description,  and  believe 
that  the  most  promising  direction  for  future  studies  Ues  along  bb  line  of 
investigation. 

Let  us  consider  the  calendar  year,  and  let  suffix  i,  refer  to  the  month  of 
January,  suffix  3,  to  February,  etc. 

For  each  month  Vermeule  specifies  a  quantity  v=ax-^b  where  x,  is  the 
observed  rain-lkll.  Vermeule  tenns  f,  the  "evaporation,"  but  it  does  not  appear 
to  be  proportional  to  the  evaporation  from  a  free  water  surface, -and  is 
essentially  analogous  to  what  I  have  termed  the  "  vegetation  and  evaporation 
loss  "  (see  p.  1 86)  for  the  month.    1  shall  hereafter  refer  to  it  as  Vemwule's  v. 

Tabulating  we  have  as  follows  : 


For  the  month  of— 

January 

■        ■        •      i'i  =  o-J7  +  o-ioxii 

February 

p,  =  o'3o  +  o'ioj:5 

March 

.      i'B  =  o-48+o-iojrj 

ApHl 

.         .         .      fl,-o-87+o-io*. 

May 

.      i'j=r87+oj<M:B 

June 

.      p,-a-5o  +  o-isj:. 

July. 

.      tv-a-oo  +  o-sorj 

August 

P8=a-63  +  o-35a:g 

September 

.      ©,=  i-634-o'20«o 

October 

.     w„  =  o-88  +  o'i3j:ij 

November 

.     R,i-o-66  +  o-ioje,i 

December 

.     fjj  =  o-43  +  o*iar,j 

Similarly,  Vermeule  gives  for  the : 

Six  months,  December  to  May  inclusive,    Vfo-  4'2o+0'i2^t 

Six  months,  June  to  November  inclusive,  V/=  i  i-3o+o'3af/ 

and,  for  the  whole  year  .     .        .     V,=  i5'5  \cf\f>Xf 

Here  the  Vs  are  also  s^s,  i.e.  the  above  three  expressions  represent  rain-fiiH 
losses  which  the  individualt^'[,[V],  etc.  do  not. 

It  is  obvious  that  the  three  last  expressions  can  only  be  applied  when  the 
rain-foil  is  distributed  month^by  month  according  to  the  proportions  generally 
holding  good  for  the  climate  of  the  Eastern  United  States. 

Vermeule  also  states  that  these  figures  can  be  applied  to  a  climate  where 
the  mean  annual  temperature  is  approximately  497  degrees  Fahr.,  and  that, 
for  any  other  mean  annual  temperature  T,  they  can  be  adjusted  by  multiplying 
by  a  factor  005T— r48. 

1  have  tested  the  method  by  means  of  several  well  determined  records, 
and  believe  that  this  statement  is  probably  correct  for  the  Eastern  United 
States,  but  that  the  correction  is  not  applicable  to  British  and  German 
examples. 

Now,  tabulate  x~vi  for  each  month.  This  is  not  the  run-otF,  and  Venneule 
now  proceeds  to  discuss  the  ground-water  factor. 
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He  divides  catchment  areas  ii 


(See  Sketch  No.  ja.j 

(i)  Highland  areas,  of  bold  relief  with  no  drift  covering.  (That  is  to  say, 
areas  which  I  class  as  underlain  by  impermeable  strata.) 

(ii)  Areas  with  a  covering  of  drift,  but  no  surface  storage.  (That  is  to  say, 
areas  underlain  by  pcnneable  strata,  and  containing  no  lakes  or  swamps.) 

(iii)  Areas  covered  with  drift,  and  possessing  surface  storage.  (That  is  to 
say,  areas  underlain  by  permeable  strata,  and  containing  takes  and  swamps,) 
This  last  (except  in  formerly  glaciated  areas)  is  an  unusual  combination  ;  but 
it  also  covers  such  cases  as  granite  areas  with  small  lakes  and  large  accumula- 
tions of  peat. 

For  each  of  the  above  Vennenle  gives  a  curve  connecting  the  run-off  with 
x~v,  and  the  "storage  depletion." 

I  have  found  these  curves  difficult  to  use,  and  have  consequently  tabulated 
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Skbtch   No.   sa.— Curves  of  Ksdwrge  uid  Depletion,  is  pven  by  Vermeule  (after 
VermeuJe),  with  ApproiimMe  Carvei  for  Typiesl   Permeable  and   Impermeable 

his  data  in  a  more  useful  form,  and  must  therefore  be  held  responsible  for 
any  errors. 

Veimeule  considers  the  monthly  run-off^,  as  conusting  of  two  portions, 
x—v  (taken  with  reference  to  its  sign),  and  a  contribution  (positive,  or 
negative)  from  the  ground-water  storage.  The  ground-water  storage  it 
supposed  to  have  a  maximum  passible  limit ;  and  the  magnitude  of  this 
contribution  depends  on  D,  the  mean  amount  which  the  accumulated  water 
storage,  in  .the  ground,  or  as  snow,  is  below  this  maximum  during  the  month 
under  consideration.  The  term  ground  water  is  perhaps  slightly  inaccurate, 
for  it  is  believed  that  Vermeule's  figures  are  somewhat  afiected  by  water  stored 
up  in  the  form  of  snow. 

The  reasoning  is  precisely  similar  to  that  on  page  190,  except  that  v  is 
written  for  krp.    We  therefore  put 

where  u  is  the  ground-water  flow,  and  is  analogous  to  the  quantity  denoted 
by_^  or— 4Rp,  on  that  page. 
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According  to  Vermeule,^  is  a  funcdon  of  rf— — — +  -  wbeici^  is  the  sum 

of  all  the  M^  since  the  period  when  the  quantity  of  water  stored  up  last,  had 
its  maximum  value.  Thus,  d,  is  the  depletion  of  the  water  storage  at  the 
beginning  of  the  month,  while  d—{x~v)-k-y  is  the  depletion  at  the  end  of  the 

month  under  consideration,  and  consequently,  D  =  i^ — ' +%  is  the  mean 

depletion  during  the  month. 

Starting  with  some  winter  awnth  (December,  January,  or  February  for 
choice),  we  assume  the  ground  storage  as  full,  and  write  y=x—v,  until  about 
rst  of  March  {i^.,  the  melting  of  the  snows). 

Thus,  for  the  earlier  months  of  the  year,  we  have : 

7,  =*,-»,  «,=o  rfi=o 

yy=xt-v,  »,=o  rf,=o,etc 

But  when,  under  American  conditions,  the  snows  begin  to  melt,  and  x~v, 
is  less  than  a'o,  or  3's  inches,  depletion  of  the  stored  water  begins,  we  have: 

where,  in  the  cases  considered  by  Veimeule,  n,  is  usually  3.  That  is  to  say, 
the  month  of  March.  So  that  at  the  beginning  of  the  second  month  after 
depletion  commences  (April)  we  have  a  depletion  i^i=Ui, ;  and  ^,»i  is 
noi  equal  to  J^»+i—  »■,!,  but  has  a  value  corresponding  to 


which  is  plainly  the  mean  depletion  during  the  month,  and  there  is  a  further 
depletion  «-+|=^n+l-(.r■^.l-I'a^.^).  So  that  at  the  end  of  the  month  dte  total 
depletion  is  '/ii*i=«ihi+«ikii  and  >«,,  the  run-off  for  the  («+3)th  month  is 
that  corresponding  to  : 

llius  the  mn-ofis  can  be  written  down. 

As  we  advance  in  the  year,  we  finally  reach  a  period  (roughly  about  August 
or  September),  when  the  runoffs  corresponding  to  the  obtained  mean  depletion 
become  smaller  than  the  quantities  x—v.  The  ground-water  reservoir  then 
begins  to  fill  up,  and  in  a  normal  year  we  arrive  at  no  depletion,  or  the 
"reservoir"  is  full  up  about  December.  In  an  abnormally  dry  year  we  will 
obviously  finish  the  year  with  a  certain  amount  of  depletion,  and,  failing  heavy 
rains  in  the  early  part  of  the  next  year,  the  run-ofFs  of  the  following  summer  wiU 
be  materially  reduced. 

The  process  is  a  very  excellent  one,  and  the  comparisons  made  by 
Vermeule  with  actual  observations  seem  to  me  most  satisfactory,  provided 
that  the  rain-fall  is  accurately  determined.  Difficulties  do  occur,  but  they  are 
not  of  great  importance,  and  seem  rather  to  indicate  that  calendar  months 
are  bad  periods  to  investigate,  being  too  long  for  the  seasons  when  the  de- 
pletions are  small,  and  too  short  for  such  periods  as  the  end  of  a  dry  summer. 

Vermeule  has  shown  ^,  aa  a  graphic  function  of  D  (see  Sketch  No.  52),  which 
necessitates  a  process  of  trial  and  error  In  every  case  before  _c,  can  be  selected. 

The  general  equation  is  :  D-^+A — ^,  where  rf*,  is  the  initial  depletion 
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of  the  month  considered.   Thus,  if  al«o,  j-— i-Sa,  w—i-os,  we  get  D-*^— o^i 

and  from  the  curve  (Class  I.)  when^=  1-44,  0=0-34,  and  the  initial  depletion  1 
the  nejrt  month  is  given  by  i'Q=y—{x~Ti)=  r44— O77»o'67  inches. 
The  iofonnation  given  permits  a  table  to  be  drawn  up  as  follows  : 


D 

y 

D-| 

0-05 
o-ii 

.018 

1-9 
1-8 
1-7 
1-6 

-0-90 
-o-8o 
-074 
-0-62 

and  D-<-<i!;- 


,   so  that  this  transformation  permits  the  tables  of  y. 


as  a  function  rA-idi—x—v,  as  given  on  page  224,  to  be  obtuned. 

A  study  of  Vermeule's  curves  of  _y,  and  D,  however,  is  very  useful,  and  we 
can  deduce  the  following  general  rules  for  the  construction  of  the  curve  of/,  as 
a  function  of  D. 

(a)  Determine  the  minimum  month's  flow  ever  recorded  in  similar  catch- 
ment areas,  and  call  this/n- 

In  America  /,,  is  about  o'l;  inch  in  small  (under  300  square  miles),  and 
o'30  inch  in  large  catchment  areas. 

In  England,  in  catchment  areas  of  10  or  \i  square  miles  /.,  occasionally 
falls  as  low  as  o'lo,  but  0*15  is  closer  to  the  average,  although  3  or  4  square 
miles  of  impermeable  catchment  area  often  yield  no  run-ofT  for  periods  of 
three  weeks. 

(J)  Determine  the  maximum  depletion  of  storage  ever  recorded,  and  call 
this  S.  S,  is  about  9  inches  in  a  permeable  area,  but  may  be  iDUghlyesli mated 
as  one-fifib  of  the  maximum  oscillation  of  the  ground-water  level,  and  in 
impermeable  areas  a  proportionate  deduction  must  be  made,  although  it 
should  be  remembered  that  even  granite  areas  can  hold  about  2  to  3  inches  irf 
water  in  the  clay  and  peat  coverings  which  overlie  the  granite. 

Then  (Sketch  Na  52) : 

(I)  If  there  are  no  visible  reservoirs,  such  as  lakes  or  swamps  ; 

Plotastraightlinefrom/=/»,  D=S;  to/=2j'„  '^  "=  xn  ;  and  continue  this 
line  by  a  circular  arc,  or  parabola,  up  to  the  point  D  =0,  y,  =  £^  where  /■,  is 
the  total  run-ofT  of  the  winter  months  (six  in  number)  during  a  series  of 

(ii)  If  lakes  or  swamps  exist,  in  the  area : 

Let  A,  represent  the  whole  area  of  the  catchment  area,  and  A.,  tbe  fraction 
of  tbe  area  in  which  the  ground-water  level  lies  tower  than  the  level  of  the 
water  in  the  lakes  or  swamps.    Calculate  S.  =  S  •A,y^ixj/t  -r--.    Then,  from 
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D=o  to  D=S.,  tbe  curve  i>  a  parabola  through  D>bo,7=j'o, 
and  D=S„^=^,. 

For  greater  depletions  we  construct  the  curve  just  as  if  it  referred  to  an 
are&  for  which  the  maximum  depletion  is  s(  I — ^1,  and  the  initial  point  of 

the  curve  \»y=y^ 

Sketch  Na  53,  shows  diagrams  thus  obtained,  and,  if  necessary,  a  table  of 
jt  and  D,  can  be  scaled  off,  and  modified  into  a  table  of  ^,  and  zdi—[,x—v),  as 
already  explained. 

These  curves  agree  very  closely  with  those  {pven  by  Venneule,  although 
differences  of  10,  or  1 5  per  cent,  in  y,  are  likely  to  occur,  especially  when  D,  is 
small.  The  great  advantage  (which  is  inherent  in  Vermeule's  method)  is  that, 
provided  that  the  curves  are  constructed  with  any  reasoiiable  adherence  to 
probability,  positive  errors  in  one  month  will  be  largely  compensated  by 
negative  errors  in  the  next,  and  vice  versa. 

We  may  therefore  believe  that  Vermeule's  method  produces  really  practical 
results  provided  that  S,  y,,  and  ya,  are  determined  with  some  accuracy,  and 
the  only  factor  which  requires  even  ordinary  accuracy,  is^. 

The  method  is  therefore  a  very  excellent  one,  since  it  permits  the  run-off  to 
be  derived  from  the  rain-&ll  by  a  process  which  takes  into  account  the  influence 
which  the  rain-&lls  and  run-offs  of  the  previous  months  undoubtedly  possess  ; 
while  other  processes  usually  regard  each  month's  rain-fall  and  run-off  as 
isolated  facts,  or,  at  the  best,  as  subject  to  influences  which  are  assumed  to  be 
the  same  every  year  during  corresponding  periods  of  the  year. 

The  great  difficulty  is  the  determination  of  the  1/%.  This  is  probably  best 
effected  by  careful  studies  of  the  observed  run-offs,  working  with  a  preliminary 
carve  of^s,  and  D's,  determined  as  suggested  above.  In  this  manner  I  find 
that  while  the  mean  annual  temperature  of  the  Thames  valley  is  about  48*6 
degrees  Fahr.,  the  i/s,  for  this  valley  are  approximately  two-thirds  of  those  for 
New  Jersey.  The  ground  flow  begins  in  March,  in  place  of  April,  as  in 
America,  and  if  this  reduction  is  applied  to  other  English  catchment  areas,  so 
£u-  as  can  be  judged  these  catchment  areas  fall  into  two  classes,  for  which 
figures  are  given  on  page  224. 

It  must  be  distinctly  understood  that  these  figures  are  merely  suggestions. 
They  are  deduced  from  principles  which  I  certainly  believe  to  be  correct,  and 
the  results  obtained  by  their  employment  agree  better  with  actual  experience 
than  those  given  by  any  other  methods.  It  is,  however,  plain  that  the  data  at 
present  available  arc  insufficient  for  the  production  of  an  accurate  solution. 

The  following  appear  to  be  the  chief  differences  between  American  and 
Eonqiean  catchment  areas,  when  the  relation  between^,  and  D,  is  considered. 

Firstly,  in  the  typically  Insular  climates  of  the  British  Isles  and  Western 
Germany,  the  possible  amount  of  storage  is  not  so  great  as  in  the  more 
Continental  climate  of  America,  because  snow  neither  lies  so  long,  nor 
accumulates  in  such  masses.  This  tUfference  may  be  regarded  as  climatic  in 
its  causes,  and  could  possibly  be  allowed  for. 

The  second  difTerence  is  due  to  artificial  reasons.  Most  British  and 
Gennan  watersheds  are  provided  with  a  system  of  catchwater  drains  in  the 
form  of  field  and  road  ditches,  and  agricultural  tile  drains,  of  a  character 
practically  unknown  in  America. 
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Vermeule's  tables,  arranged  according  to^,  the  lun-ofi^  are  : 
VALUES  OF  arf-(jc-p). 


For  American  Catchment  Areia. 

For  British  Catchment  Areas. 

J' 

■;;„,. 

Class  ir. 

a«s  III. 

Impermeable 

Penoeable 
StrMa. 

^■5 

-3-50 

-a  "SO 

2 '4 

-a-3o 

-2-30 

a'3 

-2-OS 

-3-05 

2-2 

-rSo 

-176 

2-1 

-'53 

-146 

■3-0 

-30O 

-1-27 

-  no 

r'9 

-'■79 

-0-97 

-0-73 

1-8 

-I-S7 

-0-67 

-oaj 

... 

17 

-I  "35 

-o'33 

03  S 

-17 

1-6 

-Ii6 

0-90 

•   l'4 

'•S 

-0-88 

0-30 

I -80 

1-4 

—  o-6o 

070 

3-10 

-07 

'■3 

-0-34 

I'lO 

6-S 

-1-3 

-0-3 

-o'o6 

I -55 

77 

-••IS 

0-05 

i-i 

0-Z4 

a -06 

8-4 

-077 

0-60 

i-o 

0-56 

2 -60 

8-9 

-o'44 

i"oo 

0-9 

0-90 

3'34 

9'4 

-o-ib 

170 

0-8 

raS 

4-40 

99 

0-24 

a -90 

0-7 

1-66 

7-20 

1 0-5 

0-67 

5-60 

0-6 

214 

9.00 

no 

6-90 

o'S 

a -66 

9-8o 

n-o 

.■6s 

8-30 

o*4 

3-50 

1070 

ia8 

»-5S 

9-30 

0-3   • 

5 '3° 

1 1  go 

S'70 

10-30 

The  following  example  of  Vermeule's  method  refers  to  a  Canadian  water- 
shed over  which  the  mean  temperature  is  46  degrees  Fahr.  Thus,  the  v's,  for 
this  area  are  230— i'48=o82  of  the  values  of  v,  calculated  from  the  fwrouta 
when  uncorrected  for  temperature.  The  raJQ'fall  is  the  mean  of  5  stations, 
which  represent  the  area  fairly  well,  and  it  is  stated  that  the  results  agree 
tolerably  closely  with  the  actual  run-offs  (von  Schon,  Hydro-Electric  Prattki). 

Observed  rain-falls  are  stated  in  Coluoui  II.,  while  the  i/s,  are  calculated 
by  multiplying  the  v,  for  the  same  month  in  New  Jersey,  by  o'Sa.  For  example, 
for  January  1903,  i'=(o-27+o-iox  i'36)xo-8a. 

The  filling  up  of  this  table  (top,  p.  225)  is  fairly  obvious.  The  ground-water 
storage  is  assumed  to  remain  full  until  the  beginning  of  March,  so  that  for  the 
first  three  months^  =  x—v.  In  March  it  is  assumed  that  the  ground  storage 
begins  to  contribute,  and  x~v  =  o"iii.  Correspouding  to  this,  for  Class 
\.  y  =  i'44.  so  that  «,  is  074,  producing  a  depletion  of  074  at  the  beginuiDg 
of  April.  During  April,  ^d—{x-v)  =  i-48-oio=  1-38,  and  the  coneaptmding 
run-off  is  077.    Thus  each  month  is  successively  worked  out 
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t> 

J  2 

% 

i- 

Month. 

i 

i 

> 

i 

J 

1^ 

•3 

J 

December  1902     . 

218 

0-52 

1-66 

1-66 

o-o 

0.0 

January  1902 

i-^ft 

o'33 

ro3 

.o. 

0 

0 

o-o 

O-o 

February  1903 

i-8o 

0'39 

1-41 

1-41 

0 

0 

ao 

o-o  ■ 

March  1903. 

i-ig 

0-49 

070 

I '44 

0 

74 

0 

0 

-o-jo 

AprU  1903    . 

0-%q 

0-79 

O'lO 

0-77 

.  0 

67 

0 

74 

+  !■:,» 

May  1903     . 

2-74 

1-98 

0-76 

0-62 

-0 

14 

41 

2-o6- 

June  1903     . 

3 '85 

2-6, 

o'«5 

0-16 

0 

41 

27 

a '39 

July  1903     . 

2-68 

3-is 

-0-44 

o-,8 

0 

82 

09 

3-96 

August  1903 

a-BT 

374 

0-13 

0-33 

1 

ao 

S' 

4-89 

September  1903    . 

354 

1-92 

039 

23 

71 

3'8o 

October  1903 

392 

i'8i 

-I 

48 

1-48 

0-15 

November  1903    . 

o'96 

0'62 

0-34 

o-8q 

0 

Full 

o-o 

December  1903    . 

4-a8 

0-69 

3-S9 

2-90 

o-o 

Full 

0-0 

MoDlh. 

Eastern  United  Sutes. 

BtitUb  IdM. 

January      . 

y^  =  o'Aa-¥-^ 

.,-50+ f 

Febraary    . 

>,.o-90+^ 

^,.o-jo«-a 

March        . 

A-.-60+f 

^,»o-50+^ 

Apnl. 

J'.-"0S+^ 

A=-.s+f 

May.        . 

A-<='7S+^' 

>.  =  o-.t 

Jme .        . 

>.-o-30+^ 

.....a.f 

July  .     .  . 

y,"-,s^'i 

>,.o-ao  +  ^ 

August 

,.=0.0.^ 

>.-"-.s+g 

September. 

n=o.t«.^. 

,,  =  oao  +  a' 

October     . 

v„  =  ois+'^' 

-'.•=»-s+f? 

November . 

.v„.o-,«.i«. 

.,.  =  o-30.'- 

December  . 

^„.o,o  +  ^' 

^„  =  o-3c.+'^" 
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special  Monthly  Formula. — These  formuUe  arc  open  to  the  objecticMi 
which  has  been  already  stated,  namely,  that  the  month  does  not  really  specify 
the  same  season  in  each  year.  Further,  such  formula  cannot  take  into  account 
the  special  circumstances  obtaining  in  previous  months.  Subject  to  these 
remarks,  we  obtain  the  lower  Cable  on  page  225. 

These  figures  are  only  approximations,  and  it  must  be  remarked  that 
the  American  results  for  the  months  November  to  March,  inclusive,  and  the 
British  results  for  November  to  February,  show  distinct  tiaces  of  a  term 

This  whole  discussion  will  have  been  written  to  very  little  purpose,  unless 
the  reader  is  by  now  wei)  aware  that  at  the  end  of  each  hot  season,  and  even 
more  markedly  at  the  end  of  a  long  period  of  small  rain-fall  (e.g,  the  summer 
of  the  last  year  of  a  period  of  three  dry  years),  the  run-off  is  almost  excluNvely 
dependent  on  the  stored  water,  and  is  consequently  not  so  much  a  meteorological 
phenomenon  as  a  geological  one. 

Determination  of  Reservoir  Capacity.— The  results  obtained  by  the 
preceding  methods  are  extremely  inaccurate.  When  applied  to  existing  rectHds, 
by  utilising  observations  over  5,  or  even  10  years,  to  predict  the  remainder  v£  the 
series,  errors  of  even  loo  percent,  in  the  values  of  the  flows  for  individual  months 
are  by  no  means  unknown.  The  results  for  individual  years,  however,  are  better, 
and  I  believe  that  under  favourable  circumstances  an  error  as  large  as  i  J  per  cent, 
should  but  rarely  occur,  provided  that  the  rain-falls  of  individual  months  (and  in 
the  case  of  heavy  storms  of  rain,  of  individual  days)  are  carefully  considered. 

It  is  plain  that  the  process  is  at  best  approximate,  and  is  only  sufBdendy 
accurate  for  practical  purposes,  where  a  reservoir  is  constructed  of  a  siie 
sufficient  to  equalise  the  flow  over  a  long  period.  When  such  a  reservoir  exists, 
errors  in  the  determination  of  the  flows  of  individual  months  are  ai  minor 
importance,  because  overestimates  at  one  period  will  probably  be  balanced  by 
underestimates  at  another,  that  is  supposing  that  care  is  taken  to  avoid  unduly 
favourable  assumptions. 

In  climates  of  the  type  now  under  discussion,  the  general  practice  is  to 
provide  a  reservoir  of  a  capacity  sufficient  to  equalise  the  flow  over  "  the  % 
driest  consecutive  years,"  by  which  we  understand  those  3  years  in  succession 
of  which  the  total  run-off  is  less  than  that  of  any  period  of  3  yeats  that  is  likely 
to  occur  during  say  50  or  60  years. 

A  solution  of  the  problem  can  only  be  obtained  by  long  experiencey  and  the 
history  of  the  question  in  Great  Britain  suggests  that  it  is  not  yet  completely 
solved. 

Hawksley  (representing  let  us  say  the  best  available  knowledge  (or  the  years 
1830-1860),  gives  [he  following  ; 

The  mean  annual  rain-fall  over  a  long  term  of  years  being  x„,  the  mean 

annual  rain-ftiU  of  the  3  driest  successive  years  of  this  period  is  x^f,  »=  -^,  and 
the  mean  annual  run-off  of  these  three  years  is^,D  ■=  ^5!i_i5  Inches,  expressed 

as  inches  depth  over  the  catchment  area.  Then,  the  capacity  of  the  equalising 
reservoir  for  3  dry  years,  i.e.  the  reservoir  permitting  constant  delivery  at 
the  daily  rate  corresponding  to  a  delivery  of  the  volume  represented   by 

^iih   per   annum,    is   represented  by      ,         days'  supply.     That  is  to  say. 
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the   reservoir   capacity    converted    into   inches    depth    over    the  catchment 

-!^  x*-5  inche»=2744^  mchos. 

(,NoU. — One  inch  depth  over  one  square  mile=3,323,ooo  cube  feet,  say 
z\  miUion  cube  feet,  and  if  this  volume  be  dehvered  at  a  constant  rate 
in  a  year  the  supply  is  39,750  imperial  gallons,  or  47,700  U.S.  gallons  per 

.fay.) 

The  general  history  of  British  waterworks  during  this  period  renders  it 
probable  that  this  capacity  was  insufficient  It  is  but  rarely  that  we  do  not  find 
oa  record  that  shortage  of  water  occuned  once  in  a  generation,  as  indicated 
either  hy  the  curtailment  of  the  hours  of  delivery  to  the  houses,  or  by  the 
installation  of  temporary  additional  supplies. 

The  rule,  however,  allowed  for  a  supply  which  satisfied  the  [rapular  ideas  of 
t&at  generation.  About  the  year  1870,  the  introduction  of  the  practice  of 
constant  supply,  combined  with  the  fear  of  possible  pollution,  became  general 
CoQsequently,  it  was  found  necessary  to  enlarge,  or  supplement  existing 
reservoirs.     Rofe  has  proposed  the  following  formula  : 

Capacity  -  •^=  days'  supply  =  ■'^°^~^  «  i  •yjyt^-*''  inches 

3s  representing  these  results,  and  also  as  sufficient  to  ensure  delivaiy  at  the 
rate  of ^10,  inches  per  annum  during  the  driest  probable  three  years. 

The  rule  (except  in  unusual  circumstances)  affords  an  adequate  capacity  for 
such  a  supply. 

In  England,  catchment  areas  of  the  necessary  size,  and  reasonably  free 
from  pollution,  affording  the  required  volume,  are  becoming  somewhat  difficult 
to  procure.  Further,  engineers  no  longer  remain  satisfied  with  securing  the 
jneld  of  the  three  driest  years.  Present  circumstances,  therefore,  economically 
Justify  a  larger  expenditure  of  money,  in  order  to  obtain  a  greater  yield. 

Consequently,  we  have  a  third  role,  which  appears  to  be  very  well 
Kptesented  by : 

Capacity"  17  to  i*8yjD*", 

and  which  may  be  considered  as  the  result  of  experience  during  the  last 
(inmghts  (1893-S,  and  i(»S-7>- 

We  may  classify  and  tabulate  as  follows : 

(i)  Hawksle/s  rule,  applicable  to  cases  where  catchment  areas  are  easily 
secured,  and  a  temporary  shortage  of  supply  once  in  30  years  may  be 
regarded  as  permissible. 

(ii)  Role's  rule,  where  shortages  cannot  be  permitted. 

(iii)  An  extension  of  Rofe's  rule,  which  allows  of  a  somewhat  greater  (10  to 
12  per  cent.)  supply  being  delivered,  but  which  is  only  economical 
when  any  enlargement  of  the  catchment  area  is  difficult  to  obtain. 

1  tabulate  the  f^res,  under  the  assumption  that^ft>»J^)D— 14  inches.  . 
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The  average  year's  rUD-ofTin  the  last  column  is  c^culated  ftom 
.1*™=-*'™- IS  inches. 
U  is  believed    that  the   above  ratios  may  be  accurately  applied    even    in 
cases  where,  the  mean  lain-fall  loss  differs  from  15  inches;  since,  as  a  rale, 
where  the  rain-fall  loss  is  abnormally  low,  the  nin-off  is  more  than  usually 
variable  from  month  to  month,  and  vice  versa. 

A  similai  process  of  successive  increase  in  reservoir  capacity  has  taken 
place  in  Germany,  and  the  Eastern  United  States.  Intze's  earlier  designs  were 
Ibr  the  utilisation  of  good  catchment  areas,  of  unusually  larg'c  yield,  with  mean 
rain-falls  from  35  to  45  inches,  and  losses  of  12  to  14  inches.  The  available 
records  were  for  lo  or  12  years,  at  the  most,  and  the  capacities,  on  the  average, 
were  approximately  those  given  by  Kofe's  rule.  The  later  designs  had 
frequently  to  be  adapted  to  less  favourable  circumstances,  and  uipaddes 
similar  to  those  given  by  the  third  rule  occur.  I  am  not,  however,  disposed 
to  consider  this  as  entirely  due  to  Intze's  greater  foresight,  or  more  complete 
information,  but  believe  that  the  present  state  of  design  in  Germany  is  similar 
to  that  in  England  about  1885,  and  that  future  eicperience  (combined  widi  a 
greater  development  of  water  storage),  will  lead  to  an  increase  in  the  present 

A  German  stream  is  notably  more  variable  than  a  British  one,  under 
sitnilar  circumstances  \  and  I  consider  that  the  difference  of  10  pet  cent, 
between  Hawksley'a  rule,  and  Intze's  earlier  designs,  and  between  Rofe's  rule, 
and  later  German  designs,  is  due  to  this  fact,  and  that  further  experience  will 
lead  to  the  adoption  of  reservoirs  of  about  10  per  cent,  greater  capacity  than 
those  shown  by  the  new  English  rule. 

Catchment  areas  of  the  Eastern  United  States  apparently  bear  the  same 
relation  to  those  of  Germany,  that  those  of  Germany  do  to  those  of  Great 
Britain,  and  storages  20  per  cent,  greater  than  those  indicated  by  the  British 
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rules  appear  to  be  advisable,  allowance  htiag  made  for  the  fact  that  natural 
borage  in  lak«  is  more  common  tn  the  North-Eastem  States,  than  in  either 
Germany  or  Great  Britain. 

Mass  Curve. — The  only  accurate  method,  where  the  necessary  records 
exist,  is  to  construct  a  mass  curve  according  to  the  plan  laid  down  by  Rippl 
',P.I.C.E.,  vol.  71,  p.  279).  This  is  a  diagram  showing  the  total  run-off 
from  a  fixed  date  to  any  other  date  as  ordinate,  with  the  period  elapsed  as 
abscissa.  The  necessary  data  are  therefore  the  measured  run-offs,  usually  month 
by  month,  and  these  are  best  expressed  as  inches  over  the  catchment  area. 

Aconvenient  scale  for  plotting  is  i  inch  =  io  inchesof  run-off,  and  6 months  ; 
but  much  depends  upon  the  absolute  magnitude  of  the  averse  annual  run-off. 

Having  plotted  the  mass  curve,  we  can  find  the  storage  required  to  permit 
Mf  rate  of  draught  up  to  the  maximum  possible,  as  follows  ; 

Lay  off  on  the  diagram  straight  lines  at  slopes  corresponding  on  the  scale 
of  the  diagram  to  the  various  rales  of  draught  which  it  is  proposed  to  study. 
Rule  parallel  lines  from  the  mass  curve  at  the  various  humps  A,  B,  C,  and  note 
vbere  these,  drawn  in  a  positive  direction  in  time,  again  cut  the  mass  curve  at 
AE,  BD,  and  CF  (see  Sketch  No.  53). 

The  vertical  intercepts  between  these  lines,  and  the  mass  curve,  represent 
ihe  total  volume  of  the  reservoir  which  has  been  emptied  of  water  under  such 
circumstances.  The  horizontal  distances  between  A,  and  E,  B,  and  D,  C, 
^d  F,  indicate  the  periods  during  which  no  water  escapes  from  the  reservoir, 
■diich  is  evidently  full  at  A,  and  again  full  at  E,  etc. 

This  having  been  done,  a  study  of  the  diagram  will  show  what  year  (or 
period  of  years)  covers  the  time  when  the  reservoir  is  most  depleted,  which  is 
consequently  the  most  critical  period. 

'niis  critical  period  should  now  be  re-plotted  on  an  enlarged  scale,  and 
correction  should  be  made  for  evaporation  if  necessary  ;  either  assuming  a 
water  surface  of  constant  area,  or,  better  still,  calculating  from  the  volume  of 
llw  proposed  reservoir  site,  and  the  results  of  the  preliminary  mass  curve,  [he 
wuer  surface  during  each  month,  and  ooirecting  for  the  evaporation  from  this 
triable  water  surface.  In  either  case,  it  will  probably  be  necessary  to  bear 
in  mind  that  the  original  run-off  records  are  already  subject  to  a  certain 
amount  of  water  surface  evaporation,  due  to  the  exposed  surface  of  the 
existing  reservoir. 

Then,  the  storage  capacities  required  to  supply  any  given  draught  are  easily 
obtained  by  repeating  the  original  process.  Or,,  if  refinement  is  considered 
advisaMe,  the  result  of  a  variable  draught,  such  as  is  called  for  in  the  supply 
of  water  to  a  town,  may  be  studied,  by  substituting  a  curved  draught  line, 
plotted  like  a  mass  curve,  for  the  straight  lines  AE,  etc. 

The  resuils  of  ibe  process  are  most  interesting.  ■  Freeman's  Report  on 
the  Water  Supply  of  New  York  shows  clearly  bow  important  a  chance  down-, 
pour  (or  rather,  its  accompanying  run-off)  may  become,  when  an  attempt  is 
made  to  develop  the  utmost  possibilities  of  a  catchment  area  by  large  storage. 

Let  us  now  consider  the  general  characteristics  of  a  mass  curve.  In  every 
irear  there  is  a  season  when  the  run-off  reaches  its  maximum,  and  these 
stasons  succeed  each  other  at  intervals  of  approximately  i3  months.  Thus, 
■e  find  3  series  of  more  or  less  prominent  humps  on  the  mass  curve,  following 
each  other  at  intervals  of  nearly  [}  months. 

t  up  B,  C,  D,  £,  &C.,  the  tops  of  these  humps,  by  a  series  of 
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straight  lines,   BC,  CD,  and  OE  (See  SIcetch  No.  54).    Then,  the  various 
intercepts  such  sxfW,  gG',  and  AH',  between  these  lines,  and  the  mass  curve. 
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Skktch  No.  53. — Shows  a  mass  cuive  plotted  Tor  the  Croloa  (New  Yotk] 
tecDcds  (see  Freeman  at  supra)  durioi;  the  droughty  period  1S79-S4. 

The  uppei  curve  C  K  L  is  that  aclually  observed,  ihe  lower  curve  C  G  N  shows 
what  might  have  occurred  had  the  heavy  rains  of  September  lS8z  not  replenished  tbc 
reservoirs.  It  will  be  seen  thai  assuming  a  supply  of  18  inches  per  annum  as  shown 
by  the  line  O  M  ;  there  will  l>e  a  depletion  of  97  inches  (approximately  317  days  supply) 
about  January  1881,  and  that  failing  the  rains  of  September  1S83  a  somevrfaal  laigei 
depletion  (approximately  140  days  supply)  would  occur  about  January  18S3.  A  supply  tA 
17  inches  per  annum,  as  shown  by  the  line  O  N,  can  however  be  obtained  with  aUety 
if  a  reservoir  of  10  inches  capacity  (allowing  10  per  cent,  for  w«ter  below  draw-off  level) 
be  provided. 

The  lines  A  E,  B  D  represent  supplies  of  16  inches  per  annum,  and  thii  sapplj'  can 
phuniy  be  obtained  with  certainty  since  the  rescrvcHr  is  refilled  each  year  under  the 
actual  circumstances,  though  once  in  a  century  it  is  probable  that  the  rr — ~~'~ 
overflow  foi  two  yean  in '" 
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Sketch  No.  S4  is  founded  on  the  records  of  the  Redmites  (Sheffield)  catchment  uea, 
ugiTenb)'Mush(/'./.C.£'.,  vol.  iSi,  p.  i).    The  carves  plotted  ore : 

(i)  Monthly  mais  cnne  for  the  yeu  of  minimuni  nin-o0  (1887).  - 

(ii)  Yearly  mus  curve  for  the  five  gears'  period  i8Sfr^9CX 

^)  Monthly  nuiss  curve  (shown  in  two  pieces)  for  the  droughty  period  May  1st, 
1904,  to  January  31st,  1906. 

The  firat  cuiTc  shows  that  the  maximum  depletion.  If  the  year's  runoff  of  15-50 
inches  be  drawn  off  equably,  occurs  about  OclDber  ist,  1887,  and  that  the  equali^ng 
leservoir  should  have  a  capacity  of  4'is  inches,  as  shown  by  the  intercept  AA' 
(274  per  cent,  of  the  year's  yield). 

Similar  monthly  mass  curves  aie  then  set  off  about  the  yearly  mass  curve,  or 
pdygon  O  0^7  J  «  obtained  from  Marsh's  records  of  the  run-offs  of  the  calendar  years 
|SS6^^  inclusive.  On  this  assumption,  which  is  plainly  a  very  unfavourable  one, 
we  obtain  a  mass  carve  with  humps  B,  C,  D,  E,  at  the  dates  January  31st,  1886, 
January  Jlit,  1887.  Joinii^  up  the  humps  January  31st,  1887,  and  January  3191, 
1S90,  we  obtain  the  line  B,  E,  represenling  an  equalised  supply  at  a  rate  of  33 '94  inches 
per  year,  which,  owing  to  the  assumption  already  indicated,  is  slightly  in  excess  of 
Z173  inches,  the  mean  yield  of  the  three  calendar  years  1887-1889.  If  the  monthly 
variation  of  the  run-off  be  neglected,  the  depletions  are  plainly  represented  by  intercepts 
such  as  Yf,  Gf,  H4.  Allowing  also  for  the  monthly  variations  we  obtain  the  depletions 
FF',  GG',  HH'.  The  capealy  of  the  equalising  reservoir  therefore,  for  these  three 
years,  is  FF',  the  largest  of  these  ;  and  is  approximately  S'6  inches. 

The  period  plotted  does  not  include  the  three  driest  years  in  the  record,  which 
were  1904-06,  and  which  produced  a  mean  yearly  run-off  of  3i'20  inches.  The 
example,  however,  forcibly  illuslratei  the  Iheoretiad  drfBcultiet  introduced  by  tabulating 
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the  run-ofk  by  calendai  years,  although,  since  lecoids  of  the  monthly  ruQ-ofis  ftre  always 
available,  the  difliculty  does  not  occui  la  actual  praciice. 

The  curve  KLMN,  shows  a  very  droughty  period,  where  for  zl  months  the  ran-off 
averaged  l'S5  inch  monthly  (l8'6o  inches  yearly).  The  line  KN,  shows  Ihe  effect  of  a 
drought  at  this  rate,  praducii:^  a  depletion  00'>  of  477  inches,  about  October  3ISI,  1904, 
and  PP',  460  inches,  about  October  31st,  1905,  The  lines  LM,  and  QR,  on  the  other 
hand,  show  how  the  year  1905,  although  yielding  30  inches,  ret^uiied  only  3*31  iacbes 
reservoir  capacity  (RP')  lo  equalise  its  yldd,  in  place  of  the  5-48  inches  that  a  ytax  al 
equal  total  yield  but  with  a  momUy  distribution  similar  to  that  of  1887  would  require. 

represent  the  storage  required  to  deliver,  during  each  period,  a  constant  supply 
equal  to  the  mean  yield  of  the  (approximately)  one  year  interval.  Now,  with 
very  rare  exceptions  it  will  be  found  that  for  mass  curves  simitar  to  those 
obtained  from  climates  such  as  are  common  to  the  North  Eastern  United 
States,  the  British  Isles,  and  Germany,  this  "equalising  storage"  for  any  such 
period  is  between  30  and  45  per  cent,  of  the  total  yield  of  that  period, 
approximately  a  year.  The  lower  value  is  appropriate  to  British  condhions, 
and  the  higher  to  those  prevailing  in  the  Eastern  United  States. 

Let  us  now  examine  the  simplifled  mass  cur\'e  formed  by  the  series  of 
straight  lines,  which  is  that  which  would  be  obtained  by  considering,  as  the 
unit  of  time,  the  periods  from  one  yeaily  hump  to  the  next  in  succession, 
in  place  of  one  month  as  previously.  The  storage  capacity  of  the  equalising 
reservoir  required  for  any  yield  less  than  the  mean  annual  run-off  can  be 
determined  from  this  simplified  mass  curve  by  the  usual  construction,  and 
it  is  evident  from  the  diagram  that : 

The  storage  capacity  for  the  original  monthly,  or  (for  that  matter)  daily 
mass  cun-e  say,  FF',  is  equal  to  the  storage  capacity  for  the  simplified,  or 
yearly  mass  curve,  say,  F/plus/F',  tihe  storage  capacity  necessary  to  equalise 
the  yield  of  the  year  in  which  the  reservoir  is  drawn  down  to  its  lowest  level 
(see  Sketch  No.  54).  This,  abnormal  circumstances  apart,  is  invariably  the 
year  during  which  the  tim-ofT  is  a  minimum. 

Now,  we  car,  with  very  fair  approximation,  plot  the  simpHfied,  or  yeariy 
mass  curve,  from  the  rain-fall  records,  by  the  rules  already  given. 

Thus,  we  arrive  at  a  gTaphical  construction  for  the  required  appnxiinaie 
storage  capacity  as  follows  (Sketch  No.  55)  : 

Plot  a  yearly  mass  curve,  where  for  definiteness  the  total  nm-off  of  each 
calendar  year  is  set  ofTon  the  line  representing  the  31st  December,  or,  better 
stiU,  of  each  water  year  on  the  line  representing  the  end  of  that  water  year. 
From  this  find  the  storage  capacity  for  the  given  yield  (including  evaporation 
and  percolation  losses),  and  note  in  what  year  the  maximum  depletion  occurs. 

Then,  the  total  storage  capacity  required  is  : 
Storage  capacity  obtained  as  above,  plus  30  to  45  per  cent  of  the  gross 
yield  of  the  year  during  which  the  maidmnm  depletion  occurs- 

This  rule  appears  somewhat  rough  at  first  sight  when  compared  with  the 
more  accurate  results  obtained  from  the  monthly  mass  curve,  but  it  is  in  reality 
more  correct  than  it  seems,  for  two  reasons.  The  only  uncertain  factor  com- 
pared with  the  result  of  the  method  of  monthly  mass  curves  is  the  second  term, 
the  30  to  45  per  cent.  Now,  the  maximum  depletion  of  the  reservoir  almost 
invariably  occurs  during  a  very  dry  year ;  and  the  monthly  distribution  of  the 
run-off  during  very  dry  years  differs  ififer  st,  f^ar  less  tfaan  ttte  nionthly  di;- 
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tribution  dnring  years  sdccted  at  random  differ  inter  se,  so  that  the  figure 
30  to  45  per  cent,  is  far  more  constajit  than  might  at  first  sight  be  expected. 
We  can  also  make  our  approximatioD  a  little  more  definite  by  carefully 


Skitch  No.  55.— Veuly  Mass  Curve,  Yeady  Equaling  Reaerrrai,  for  Redniiies, 
1898-1906,  with  Bdast  Coive  and  Equaliwig  Hesetvoir  for  the  worst  Case  recorded 
by  Deacon  (aflei  Deacon),  and  foi  Thames  in  1SS7. 


ctmsidering  the  rain-fall  for  the  two  or  three  years  during  which  the  above 
construction  shows  maximum  depletion  as  roost  probable.  I  am  of  the  opinion 
that  a  consideration  of  the  monthly  r^ avails  is  too  uncertain  to  be  of  practical 
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value,  unless  it  so  happens  that  we  possess  a  good  rain-fall  and  run-off  reconi 

for  a  catchment  area  of  very  similar  characteristics. 

The  following  work  is  of  utility,  and  is  advantageous  as  fixing  the  position 
of  the  humps  more  accurately  than  a  mere  examination  of  the  average  of  years. 

Assume  the  year,  for  Temperate  climates,  as  divided  into  : 

(o)  The  period  of  active  growth. 

{V)  The  replenishing  period,  during  which  vegetation  is  inert,  but  the 

ground  is  being  saturated  with  water, 
(f)  The  stor^e  period,  during  which  vegetation  is  inert,  and  the  ground 

is  more  or  less  saturated  with  water. 

Now,  during  (a)  the  rain-fall  loss  is  fairly  easily  calculated  as  follows : 
The  consumption  of  water  by  vegetation,  is  given  by  Risler  as  : 

Meadow  grass  from 

Oats       ,  .  „ 

Lucern  .  .  „ 

Clover  .  .  „ 

Indian  com  .  „ 

Vines    .  .  „ 

Potatoes  .  ,, 

Wheat  .  .  „ 

Rye       .  ,  „ 

Oak  trees  .  „ 

Krs       .  .  „ 

Froni  this,  and  from  an  estimate  of  the  area  covered  by  each  species  of 
vegetation,  we  can  infer  the  requirements  during  period  («). 

These,  in  a  dry  year,  will  usually  be  very  close  to,  if  not  greater  than,  the 
rain-fall  during  period  (a).  Consequently,  excluding  possible  intense  foils  on 
individual  days,  caused  by  thunder-storms,  the  run-off  due  to  rain>faU  in  period 
(a),  of  a  very  dry  year,  is  quite  small,  or  nil,  or  possibly  even  an  apparently 
negative  quantity. 

The  actual  run-off  during  this  growing  period  is  derived  from  ground- 
water storage,  and  it  will  be  found  that  the  value  is  very  nearly  constant  A 
about  \\  inch,  over  the  catchment  area,  when  the  rain-fall  is  equal  to  the 
crop  requirements,  plus  evaporation  from  any  firee  water  surfaces  that  may 
exist.  In  a  very  dry  year,  such  as  we  are  now  considering,  part  of  this 
it  inch  may  be  absorbed  in  supplying  the  requirements  of  vegetation. 

Thus,  on  the  average,  we  may  say  that  in  Europe  during  the  period  April 
or  May  (according  to  latitude  and  climate)  to  August  or  September,  the 
following  figures  represent  the  bare  minima  of  rain-fall  that  will  suffice  to 
supply  the  requirements  of  vegetation  (Rafter,  Report  an  Genestt  Storap). 

Tilled  land        .  Average,  10-3  inches 

Meadows  .  .  -  n         t^'o     n 

Woodland  and  forest  .  „  37      „ 

Miscellaneous   .  .  »  5'^     » 


0 

\tt 

0  o'lS?  inch  daily 

0 

140 

,  o'i93 

0 

134 

,  0-267        ., 

0 

140 

,  o-aoo        „ 

0 

no 

,  0-IS7 

0 

035 

1  0-031        „ 

0 

038 

.  0055 

0 

106 

,  o'lio         „ 

0 

091 

„ 

0 

038 

.  0-035 

0 

oao 

.  0*043         " 
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If  th«  rain-fall  is  equal  to  these  values  a  total  nin-ofT  of  about  i}  inch  will 
probably  occur,  but  the  ground  will  become  so  dry  that  at  least  i^  inch  of  Tain 
will  later  be  absorbed  by  the  dry  soil  after  the  drought  ends,  before  any  increase 
in  the  stream  flow  can  be  observed.  If  the  rain-fall  is  less  than  these  values,  the 
vegetation  will  wilt  and  suffer  from  drought,  and  while  the  streams  may  still 
yield  i}  inch  total  runoff  (especially  if  the  permeable  beds  are  covered  by  a 
thick  coating  of  soil  so  that  the  ground  water  is  not  easily  reached  by  the  roots 
of  the  vegetation)  yet  all  the  deficiency  in  rain-fall  and  the  i^  inch  mutt  be 
made  up  before  the  stream-flow  increases. 

It  will  therefore  be  evident  that  it  is  inadvisable  to  consider  that  the  total 
lun-off  of  the  growing  period  exceeds  i§  inch  unless  the  rsin-fall  markedly 
exceeds  the  values  given  above.  In  view  of  the  facts  regarding  the  replenish- 
ment of  soil  moisture  it  is  plain  that  safety  can  be  secured  (if  evaptoratian 
calculations  are  neglected)  by  considering  the  \\  inch  of  run-off  as  occorring 
during  the  last  month  of  the  growing  period. 


"1 

fe 
^ 

r- 
> 

P 

^ 

i^ 

2 

. 

fA 

V 

. 

.      / 

, 

1 

1 

^ 

/ 

^ 

< 

4 

% 

z 

r 

<8 

t 

n 

•i 

a? 

M    ■ 

/ 

r 

% 

.t-^ 

t      - 

/] 

• 

y 

^ 

i 

\ 

>/ 

f 

' 

J 

/ 

^ 

3 

^ 

f 

f-1 

i^ 

/ 

^    / 

1 

/ 

t 

y 

2 

e« 

t 

1 

/ 

/ 

'' 

1 

^ 

« 

\ 

1^ 

•K 

he 
3 

\ 

1 

> 

i 

M 

A 

w 

'l 

i 

< 

i 

,> 

n  1) 

During  the  period  (i)  the  ground  water  has  to  be  replenished.  The 
actual  loss  mainly  depends  on  the  character  of  the  strata,  whether  permeable, 
or  impermeable,  and  it  may  be  remariced  that  when  in  period  (a)  the  run-off  is 
indicated  as  an  apparently  negative  quantity,  this  deficiency  must  be  made  np 

before  any  run-off  is  assumed.  The  actual  percentage  of  ■"faii'  ^^^^  the 
i^  inch  has  been  made  up,  varies  according  as  the  rain  falls  in  bursts, 
or  in  steady  drixdes.  In  the  first  case,  a  high  figure  may  be  assumed.  In 
the  second,  a  very  low  one,  on  the  average  say  lO,  to  20  per  cent  In  actual 
practice,  the  daily  rain-fall  records  of  exceedingly  dry  years  during  the  first 
month  or  so  of  this  period  should  be  studied. 

In  period  (/)  we  can  assume  that  60,  to  70  per  cent,  of  the  rain-foil  appears 
as  run-off,  plus  a  certain  soak  out  or  contribution  from  the  ground  storage, 
if  the  nin-fatl  of  period  (fi)  has  been  heavy. 

Towards  the  end  of  period  <Ji)  this  soak  out  may  alio  occur,  but  its  quantity 
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is  imcfcruin.  if  the  calculated  xain-fall  loss  in  the  two  periods  (a)  and  (*)  greatly 
exceeds  the  assmnedly  known  meaDannual  rain-fall  loss,  it  may  be  necessaiy 
to  consider  this  excessive  amount  as  replaced  by  a  {gradual  soak  out  during 
period  (c).  1  believe  that  this  is  the  only  help  that  (p^und  storage  can  usually 
be  relied  upon  to  afford  towards  the  end  of  a  very  dry  period. 

The  assumptions  are  obviously  unfavourable,  especially  in  that  their  oett 
effect  during  periods  (#),  and  (<:),  is  to  cause  the  run-off  to  lag  behind  the 
rain-^l,  and  during  this  delay  the  consumption  draught  continues  to  deplete 
the  reservoir.  In  cases  where  the  margin  of  safety  is  small,  it  will  be  necessary 
to  consider  the  daily  rEUB-falls  carefully,  since,  in  such  instances,  an  intense 
downpour  is  frequently  the  salvation  of  a  water  supply.  Nevettheless,  it 
should  be  remembered  that  after  a  dry  summer  the  depleted  ground  storage 
has,  sooner  or  later,  to  be  made  up,  and  the  best  we  can  hope  is  that  the 
reservoirs  being  low,  they  may  obtain  replenishment,  from  the  ground  water 
somewhat  more  readily  than  is  usually  the  case. 

We  thus  obtain  figures  for  the  nin-off  as  distributed  over  the  three  periods, 
and  can  plot  them  as  occurring  at  the  beginning  of  the  final  month  of  each 
period,  without  any  great  error.  Thus,  we  get  a  very  fair  idea  of  the  positions 
which  the  humps  assume  during  the  critical  period  of  depletion,  and  also 
learn  whether  the  storage  necessary  to  equalise  the  yield  over  the  driest 
year  roaterially  differs  from  30  to  45  per  cenL  of  the  total  yield  of  that 

If  the  available  records  are  plotted  either  in  monthly  or  yearly  mass  carves, 
certain  general  principles  become  apparent. 

(i)  Firstly,  apart  from  the  evidence  of  an  unusually  dry  series  of  rain-foil 
years,  as  indicating  a  probable  sequence  of  years  of  small  nm-off  it  appears  that 
ftilly  40  years'  records  are  necessary  before  we  can  be  certain  of  having,  even 
approximately,  experienced  the  maximum  depletion  of  a  very  large  reservoir. 

(ii)  In  Temperate  climates,  at  any  rate,  it  seems  that  if  we  attempt  to 
develop  a  catchment  area  by  storage,  so  as  to  yield  considerably  m<He  than 
the  average  of  three  dry  years,  the  effect  of  a  chance  flood,  such  as  may  be  (and  in 
the  case  of  the  Croton  Reservoirs,  actually  was)  produced  by  a  series  of  summer 
thunder-storms,  is  so  great  that  it  is  inadvjsaUe  to  equalise  the  yield  over 
perhaps  more  than  live  years.  This,  it  should  be  remembered,  will  mean  that 
no  water  will  escape  from  the  reservoir  for  periods  of  nearly  five  years  on 
end. 

(iii)  It  also  ^>pears  that  these  developments  lead  to  reservoirs  of  so  large  a 
capacity  that,  unless  the  topography  is  unusually  favourable,  the  exposed  water 
surface  forms  so  high  a  percentage  of  the  catchment  area  as  to  cause  the 
effects  of  evaporation  to  be  unduly  marked. 

An  attempt  has  lately  been  made  by  Messrs.  Gore  and  Brown  {Tht  Central, 
October,  1910X  to  arrive  at  a  scientifically  correct  method  of  calculating  the 
o^tacities  of  reservoirs.    The  method  adopted  is  as  follows  : 

The  rain-fall  record  for  a  long  period  is  treated  by  the  methods  of  frequency 
curves  developed  by  Pearson,  and  the  probable  value  of  the  niin-fkll  for 
the. driest  year  of  a  century  is  calculated.  Similarly,  the  probable  values  of 
the  average  rain-fall  of  the  two  consecutive,  three  consecutive,  etc,  driest 
years  c^a  century  are  calculated. 

The  method  is  obviously  a  refinement  of  Binnie's  studies  upon  the 
variabitity  of.niin-f^  (see  p.  176). 
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The  figures  arrived  at  for  a  century,  from  a  72  years'  British  rword,  are  : 

Driest  years'  fall=o'69  of  mean  annual  iain>fall. 
Average  of  i  consecutive  driest  years'  fall">o'74  of  mean  annual  rain-fall. 

3  ,,  ,,  =077 

4  „  ,.  =o-8i 
»         S              »               »                -0-8S 

11       10  »  ■  .1  =090  „  „ 

The  annual  rain-bU  loss  is  assumed  as  constant,  and  the  equalising 
reservoir  for  the  driest  year  (see  p.  333)  is  taken  as  30  per  cent,  of  that  year's 
run-ofr,  33  calculated  on  the  assumption  of-a  constant  rain-fall  loss  of  IJ  inches 
per  year.  Thi«  figure  of  y>  per  cent  is  obtained  from  the  worst  recorded 
English  years' flow,  as  given  by  Deacon  {Eney.  Brit,f&n\de  on  "Water 
Supply").     (See  Sketch  No.  JS). 

The  method  is  applied  in  the  following  manner  : 

j:h=66-5  inches      *M-'ii  inches,  so  that_»'«=5i's  inches 
and  the  minimum  _)',  is  about  30*9  inches. 

The  equalising  reservoir  for  that  year  is  about  9'3  inches  capacity.  The 
reservoir  capacities  required  for  any  other  supply  are  then  determined  by  the 
mass  curve  method  already  explained.  The  results  agree  very  well  with  Rofe's 
rule  when  the  three  dry  years'  supply  is  considered,  and  the  equalising  reservoir 
necessary  to  give  a  yield  at  the  rate  of^m  over  the  whole  century  has  a  capacity 
of  103  inches,  say  730  days'  supply. 

The  circumstances  assumed  are  favourabla  For  instance,  Pole  ("  Lectures 
on  Water  Supply")  found  930  days'  supply  for  a  case  where .r,.,  was  apparently 
4S  inches,  and^^  was  14  inches.  Freeman's  mass  curve  for  the  Croton 
Reservoir  indicates  that  approximately  1040  days'  supply  is  required. 

The  method  is  logical,  and  can  be  applied  to  any  circumstances  when  the 
requisite  information  is  obtainable. 
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LocJity. 
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■^" 

■■ 

|Remarks.J 

Oripwl 
Artbority. 

Woodbum, 

3405 

14 

384 

137 

Leslie,  Ttam. 

Ireland 

Min. 

38-8 

142 

Driest    year 

of  Roy.  Soc. 

3D 

ir% 

137 

alsa 

ofScotUMnd. 
iS7<^7i- 

Wendle       . 

14 

a  I -5 

Tributaries 
of  Thames. 

B.  Latham, 
Q.J.    M. 

Graveney     . 

14 

19-7 

Accurate. 
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So€.,  1892. 

Entwhistle  . 
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square 
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51-5 
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Catchugnt  Areas  situated  m  Climates  of  the  Second  Tvpe.— The 
second  type  of  climate  (rr.  a  well  defined  wet  season  succeeded  by  a  well 
defined  dry  season,  during  which  the  catchment  area  becomes  thoroughly  dry) 
occurs  over  nearly  the  whole  of  India. 

The  best  records  exist  in  the  Reports  of  the  Bombay  Public  Works 
(IrrigatiDn)  Department,  and  refer  to  the  large  storage  reservoirs  which  are 
used  for  irrigation  in  the  Deccan.  Some  records  also  exist  of  reservoirs  for 
town  water  supply  and  irrigation  in  Rajputana,  and  tbe  Central  Provinces. 
The  information  has  been  collected  by  Strange  {Indian  Storage  Reservoirs), 
and  the  table  on  page  341  gives  his  ideas  on  the  subject. 

It  will  be  noticBd  that  if  the  wet  season  rain-fall  exceeds  48  inches,  the 
increoM  in  run-ofT  produced  by  2  inches  extra  rain-faU  is  greater  than  2  bches. 
This  seems  somewhat  peculiar,  but  is  not  necessarily  impossible,  especially  if 
the  catchment  area  is  permeable.  The  diSiculty  does  not  occur  in  average,  or 
bad  catchment  areas.  It  will  be  plain  that  it  is  hardly  safe  to  reckon  on  any 
ran-off  if  the  wet  season  rain-fall  is  less  than  10  or  12  inches,  and  that  the  dry 
ECBSon  rain-faU  has  no  apin'eciable  effect  on  the  mn-off. 

The  method  adopted  is  plainly  an  assumption  that^—jijr,  where  j#,  increases 
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UNITED  STATES  CATCHMENT  AREAS  IN  CLIMATES  OF  FIRST  TVPE 
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ofNemyork. 
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as  X,  increases.  The  rule  does  not  agree  with  the  results  obtained  in  climates 
which  belong  to  the  first  type^  1  have  therefore  endeavoured  to  find  whether 
any  formula  of  the  type : 

y=x—a—hx 

can  be  discovered.'  The  results  are  not  encouraging,  and  diere  is  n«  doabt 
that  for  the  present  the  proportional  method  mast  be  adopted  fbv  pr^imtnar^- 
Work.  This  fact  is  not  surprising,  for  It  must  be  remembered  that  the  records 
of  rain-fall  kre  not  as  accurate  as  could  be  desired,  as  the  rain-gauge  StaticAs 
are  sparsely  distributed,  and  are  usually  lacking  at  the  very  places  trtlere'lhe 
rain-fall  is  greatest.  It  may  indeed  be  said  that  most  of  the  records  are 
those  of  valley  stations,  and  that  most  of  the  run-off  is  provided  by  the 
rain-fall  on  the  neighbouring  hills.    Thus,  apricn,  the  proportional  method  is 
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EUROPEAN  CATCHMENT  AREAS  IN  CLIMATES  OF  FIRST  TYPE. 


Very  accurate. 
Vtiry  wet. 


I        Loc^ily. 

Area. 

No.  of 
Years. 

.- 

i» 

S.  Norway    . 
Germany— 
Memel 
Delta 

46,050 
acres 

25 
8 

58-4 
261 

106 
,5-8 

i     Murgtal   . 

15 

611 

J4-9 

1 

i 

'5 

72-8 

309 

■     Freiberg 
Res. 

30-10 
sq.  miles 

3>3 

■9S 

Stream  fre- 
quently 
dries. 


See  also  Keller's  results,  ^ge  208. 


[taly— 

Delta:  of 

10,500 

28-5 

181 

Po 

acres 

125,000 

I 

24-0 

i8-o 

acres 

41 'O 

25-8 

France — 

Sq.  miles 

1      Mousson  . 

163-5, 

29*0 

17-4 

Var 

(Vosges) 

167 

39'S 

17-7 

Meuse      . 

607 

3'-S 

173 

Somme     . 

2140 

25-2 

124 

'     Arde 

2510 

27-5 

154 

Escaut      . 

'545 

'3-6 

13-0 

Moselle    . 

2600 

295 

20-3 

,     Meuse      . 

2S96 

38-3 

i6-2 

Do. 

8480 

42 '5 

21-7 

■     Vilaine     . 

3475 

27'S 

132 

,     Charente . 

3866 

33  4 

217 

Saone 

"iSSi 

4 

32-6 

127 

1     Seine 

27460 

24' I 

17-. 

'     Garonne  . 

32820 

30"4 

14-6 

Gironde    . 

35000 

323 

i6-2 

Rhone      . 

38100 

37"4 

15-8 

Do.        . 

363 

"3'S 

Ixjire 

44500 

27-2 

i6-i 

Durance  . 

17 

3a  I 

lo-i 

Montaubry 

'5 

330 

23  s 

P.LC.E.M- 
47.  P-  147 


Dry  year. 
Wet  year. 


For  these  references  and 
their  computation  in 
English  measure  I  am 
indebted  to  the  "  Report 
on  Barge  Canal,"  referred 
to  on  p.  240.  An  ex- 
amination of  the  original 
authoriiies  led  me  to 
reject  three  of  the  in- 
stances as  being  doubt- 
ful. 


Relation  is  b=  io'2  -o'o;^;, 
so    rain-fall    Is   probably 

underestimated. 
3  =  13-8  —  o-24r,    therefore 
rainfall    underestimated. 
The  stream  dried  1 1  times 
in  the  15  years. 


Digilizeo  by  Google 


CONTROL  OF  WATER 


^^ 


ig 


Di.itradb,  Google 


SECOND  TYPE  OF  CLIMATE  343 

STRANGE'S   tABLE  SHOWING  THE  PERCENTAGE  OF   RUN-OFF  TO 
MONSOON  RAIN-FALL,  AND   DEPTH  OF  RUN-OFF  DUE  TO   RAIN- 
FALL IN  INCHES,  FOR  A  GOOD  CATCHMENT  AREA.    (See  Sketch  57.) 
Fot  an  ftvengc  Ctttchment  Area,  talie  ChiM-quaiters  of  thcK  figures. 
For  a  bad  Catcfament  Aiea,  take  half  these  figures. 


Toul 
Moiunon 
Rain-bUin 

Peiccniaee 
of  Run-off  to 

Depth  (rf 
Run-ofTdue 
to  Rain-bU 

Toua 

Monsoon 
Rain-bll  in 

Percentage 
of  Run-off  to 

Depth  of 
Run-off  due 
toRain-fitU 

Inches. 

R«,n.fall. 

in  Inches. 

Inches. 

R«n-fell. 

iD  Inches. 

I 

o-i 

O'OOI 

26 

21-8 

5'67 

z 

o-a 

0*004 

27 

33-9 

6-i8 

3 

0-4 

0"012 

38 

24-0 

6-72 

4 

0-7 

0028 

39 

25-1 

7-28 

5 

o'o5o 

30 

363 

7-89 

6 

I  "5 

0*090 

31 

27-4 

8-49 

7 

3'I 

0147 

3a 

'8-5 

9-12 

8 

3*8 

0-334 

33 

39-6 

9*77 

9 

3-5 

0-315 

34 

30-8 

10-47 

4-3 

0-430 

35 

31-9 

11-17 

II  ■ 

S-a 

0-572 

36 

33*0 

11-88 

11 

6-3 

0-744 

37 

34'i 

13-62 

'3 

7-2 

0-936 

38 

35  3 

13-41 

14 

8-3 

ri6j 

39 

36-4 

14-20 

IS 

9-4 

1-410 

40 

37-5 

15-00 

16 

10-5 

1-680 

4" 

39-8 

16-72 

17 

II-6 

1-972 

44 

43-0 

18-48 

18 

13-8 

■2-304 

46 

443 

30-38 

'9 

13*9 

3-641 

48 

■      46-5 

92-33 

30 

15-0 

3000 

5° 

488 

24-40 

21 

i6-i 

3-381 

5a 

5i-*> 

a6'52 

29 

'7-3 

3-8o6 

54 

S3'3 

38-78 

»3 

l8-4 

4-232 

56 

555 

31-08 

24 

19-5 

4-68 

58 

57-8 

33-5" 

25 

30-6 

5-15 

60 

6o-o 

36-00 

likdy  to  be  the  best  suited  for  practical  purposes,  so  long  as  the  present  distri- 
bution of  tbe  lain-gauge  stations  continues. 

The  best  method  of  treating  such  observations  as  are  usually  available  is 
that  adopted  by  Binnie  {P.I.CM.,  vol.  39,  p.  i).  The  records  considered  are 
those  of  Nagpnr  (Central  Provinces,  India).  The  year  has  two  well  marked 
diTii'ions,  namely,  the  wet,  or  monsoon  season  (June  to  October),  and 
tbe  dry  season  (November  to  May).  The  rajn-bll  records  are  as  shown  in 
table  on  next  page  (see  ut  lupra,  and  P.I.C.E.,  vol.  1 10,  p.  259). 

The  following  facts  are  fairly  plain,  and  are  characteristic  of  all  small 
catchment  areas  in  climates  such  are  now  considered. 

(a)  Except  in  extremely  abnormal  years>  which  need  not  be  taken  into 
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Kain-^1  duiing  the 


,854-1855     . 

48-40 

.855-1856    . 

1404 

1856-1857 

1857-1858 

1858-1859 

31 '87 

1859-1860 

1                19-48 

,860-1861 

1                44-5° 

186,-186. 

40-89 

,861-1863     ■ 

43-29 

,863-1864' 

37-46 

,864-,865 

18-96 

,865-1866 

3816 

,866-1867 

4, -01 

,86;-,868 

53-71 

i868-,869 

19-18 

,869-, 870 

31-,, 

,870-, 87, 

37-34 

,87, -,872 

44-85 

,871-1873 

39-81 

Average  of  19  Vears    .     37'52 


3-6i 
473 
6S7 
2-40 
4-r8 
6-36 
088 
4-09 


account  in  practice,  the  wel  season  rain-fall  alone  i«  effective  in  producing  a 
run-off 

(4)  Hie  condition  of  the  catchment  area  in  respect  to  dryness  of  surfoce 
is  certainly  the  same  at  the  beginning  of  each  successive  wet  season,  and 
this  statement  can  probably  be  made  with  equal  accuracy  concerning  the 
ground  water,  except  in  very  permeable  catdiment  areas  after  abnoimally 
wet  years. 

Thus,  a  given  fall  of  rain  measured  from  the  beginning  of  each  wet  season 
will  produce  an  approximately  constant  nin-off.  Any  variations  which  occur 
are  caused  only  by  the  manner  in  which  the  rain  falls  (as  is  partially  indicated 
in  columns  2  to  4,  top  of  p.  247),  and  are  quite  independent  of  the  fall  during  the 
preceding  wel  season. 

Binnie,  when  preparing  bis  final  designs,  possessed  rain-fall  records  to  1873, 
and  the  observations  on  rain-fall  and  run-off  shown  in  table  on  page  245. 

At  first  sig(it  the  observations  only  afford  two  figures,  that  is  (□  say  : 


1869  a  rain-fUI  of  29'79  inches  produced  a 
187a  „  43'6S-  I. 


n-Dffof  7-87  mches 
'7-46      ., 


A  little  consideration  will  show  that  each  of  the  entries  in  Columns  N&  4 
and  S  can  beconwdeied  as  giving  tihe  ruD-off  thai  would  be  produced  by  a  we; 
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' 

ToUl  Rain- 

Total 

Ratio: 

;     fall  since 

Kun-off 

Ym  and  Month. 

Rdn-lall. 

Run-off. 

'  Commonce- 

since 

Total  Run-ofT 

! 

ment  of 
1  Wei  Season. 

a.Te! 

Total  Raiii 

y(ariS<S9— 

June   17th  to 

■ 

July  31st    . 

1276 

I '25 

.276 

'•*s 

0-098 

1     August  . 

9-6. 

3*36 

22-37 

4-6i 

i     September     . 

7'4i 

326 

29 '79 

7^87 

0-268 

1  yearZS73~ 

;     June      .        . 

6-77 

032 

677 

0-33 

O'047    . 

July      -       . 

12J0 

a -88 

1947 

320 

o-i6 

August  . 

1 1 -82 

659 

31-29 

979 

0-31 

.     September     . 

7  99 

5 '95 

39-28 

'574 

0-40 

A  break  in  the 

rains      now 

occurred 

1     October .  :     . 

4-37 

-.1 

■  1-71 

43-65 

tr46- 

'.  040 

season  rain-All  of  the  sUae  total  ma^iude  as  the  rain-f^l  ^at  had  occuned. 
np  to  the  end  of  ihe  montb.  considered.  ... 

Thus,  up  to  the  end  of  July  1872,  i9'47  inches  of  raia  produced  J'loinches  of 
niffoir,  and  the  observation  may- be  consideted  as  indicating  that,ainceth«  whole 
wo  season  fall  of  1868  nas  19*28  inches,  the  run-off  of  that  year  was  probably 
aboat  3-17  inches.  Thus,  theoretically  at  any  rate,  firom  observations  tahen  over 
these  two  years  ve  can  assign  the  probable  values  of  the  run- off  produced  by- 
aoy  rain^l  which  is  less  than  '43~6S'  inches.  Jn  actual  piwiiice  this  statement 
I*  subject  to  qu^l6cation.  The  question  is  best  investigated  by  considering 
vbat  happeoK  at  the. end  of  the  .wet  season.  As  a  matter  of  observatioa,  the 
strRun  flow  rapidly  decreases  in  all,suchcatchnmit  areas,  aod  the  river  drainii^ 
this  Kagpur  catchment  area  <which  is  6'6  square  miles  in  wasi  and  consists  of, 
^teep  liap' TOcka,  which  are  but  slightly  covured  widi  sail)  is  generally  dry  ip, 

4  or  S  hours  at  the  most  after  the  last  rainstorm.  A  study  of  fiinnie's  .records 
^  die  reservoir  levels  shows  that  the  reservoir  surface  rarely  rises  appreciably 
*fter  24,  hours  has  elapsed  since  the  last  rain-fall.  Thus,  in  this  case  the 
astnnipdon  is  justified. 

Tbt  question  is  best  settled  in  aay  particoUr'case  by  observations  of.ihe- 
duralion  of  stream  flow.     Thus,  if  the  stream  is  usually  found  not  to  run  dry  for, 

5  or  6  days,  it  would  ^robbUy  be  advisable  either  to  correct  the  partial  records 
obtatned  as  aborc  by  blowing  for  ihe.iprobable  volume  of  the  stored-up  watCr 
which  will  later  appear  as  stream  .flow  (as  discussed  on,  p,  168),  or  to  treat, 
by  this  method,  only  those  total  rain-falls  at  the  end  (rf  which  the  stream -ran  : 
dry  before  the  next  fall  commenced. 

As  an  example,  I  give  the.  following  record  of  rain-fall  and  run-off  from  a  , 
ste^  catchment  area  of  18  square  miles,  approximately  4  square  miles  of  which 
were  underlain  by  permeable  strata  : 
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Total 

Total 

Date. 

Rain-bU  to 

Ron^to 

Date. 

Date. 

June    r6   . 

0 

0 

Rains  began 

»      30   • 

3'i3 

July      7    ■        . 

4-i8 

0 

30 

»       15    .        ■ 

S"9» 

0 

78 

„       16    .        . 

6-8j 

20 

,.       »5   •        ■ 

984 

36 

„       28    . 

9-84 

41 

Stream  runs  dry 

...      31    ■ 

10*15 

46 

August  9   . 

11-44 
•5-32 

fs 

„     19    . 

15-32 

218 

Stream  runs  dry 

Here  it  is  plain  that  only  the  following  deductions  can  correctly  be  made : 
A  rain-foil  of  9*84  inches  prodnced  a  ruo-i^of  r43  inches 


IS  31 


2-i8 


In  foct,  Binnie^  method  is  best  sotted  for  steep,  and  impermeable  catchment 
areas ;  and  may  lead  to  endrely  eironeous  results  if  Mindly  applied  to  Uigei 
flat,  and  permeable  areas,  where  the  ground-How  contribution  forms  a  materiBl 
portion  of  the  nm-off. 

Where  properly  applied  to  suitable  areas,  the  method  is  a  powerful  one. 
Thiis,  Biunie  predicted  that  the  average  monsoon  fall  of  37*53  inches  might  be 
expected  to  yield  14-33  inches  of  mn-ofF,  and  that  the  average  monsoon  bU  of 
the  three  driest  consecutive  years  would  be  about  30  inches,  and  that  one  such 
year  would  have  a  run-off  of  8-4  inches.  Thefidl  and  run-off  of  the  driest  year 
were  similarly  predicted  at  19-38  inches  and  3  inches.  Now,  the  actual  results 
of  observations  extending  over  18  years  (as  given  by  Penny)  indicate  that  33-3 
inches  of  rain-fall  produce  an  average  run-off  of  s'3o  inches,  and  that  the 
driest  years  have  a  run-off  of  3-6  to  4  inches.  Thus,  the  errors  in  prediction 
are  almost  entirely  due  to  incorrect  assumptions  concerning  the  rain-foil 
variability  (see  p.  248). 

Sketch  No.  57  shows  Binnie's  results  as  plotted  with  the  percent^^  of -r— ^ 
as  ordinates,  and  the  rain-falls  as  abscissK,  and  it  will  be  plain  that  dte 
observations  coincide  very  closely  with  Strange's  curve  for  a  good  catchment 

The  princijdes  are  now  obvious.  We  can  regard  each  storm  during  the 
rains  as  a  unit,  if  the  stream  draining  the  area  runs  dry  after  it  ceases,  and 
before  the  next  storm  occurs.  Thus,  if  we  analyse  the  resnlts,  we  can  usually 
arrive  at  a  table  of  the  type  shown  at  top  of  page  347  (given  by  Strange). 

This  table,  if  property  applied  to  records  of  daily  rain-falls,  will  [m>dace 
resnlts  which  are  less  subject  to  error  than  those  given  by  Strange's  fonnolz 
for  annual  run-o^  and  such  results  are  often  found  to  agree  extremely  well 
with  observation  in  small,  steep,  and  impermeable  areas. 
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' 

RuD-bll  in 

Ralid  Run-ofTlo  Rain-fall. 

*4 

Hours  in  Inches. 

Suie  of  Calchmenl  Area  previous  to  the  Rwn-fcll. 

Dry. 

Damp. 

Wet.              j 

} 

0 

} 

Nil 

o-io 

0 

"4 

1 

0-05 

0-I4 

0 

30 

3 

O'lO 

o-as 

0 

34 

3 

o-zo 

0-40 

0-5S 

4 

0-30  -  o"40 

0-50 -o'6o 

070  -  080 

Id  pemwatde  and  semi-penneable  arfaa  (cspeciallj  if  large)  the  problem  is 
somewhat  more  difficult. 

Owing  to  the  bet  that  the  river  does  not  rapidly  run  dry,  a  year's  observa- 
tions will  rarely  provide  more  thfui  two  points  on  a  curve  of  the  type  used  by 
Binnie  (see  Sketch  No.  57).  The  following  table,  which  represents  die  results  of 
obeervations  on  a  flat  catchment  area  of  about  100  square  miles  in  Bengal,  may 
be  considered  as  giving  the  best  available  information  on  this  somewhat 
obscure  subject : 


Month. 

Ratio  Monthly  Run-off  to  Monthly  Bain-&1L 

Ordinuy  Year. 

Wet  Year. 

June 

July       .        .        . 

August  . 

September 

October. 

0-05 

0-25 
040 

0'4O 

0-50 

0-50 

The  figures  are  vague  (although  not  more  so  than  the  difficulties  of  the 
subject  warrant),  but  the  difference  between  the  columns  fairly  accurately 
represents  the  influence  of  the  damper  surfaces,  combined  with  an  increased 
storage  of  ground  water. 

In  practice,  however,  such  areas  are  not  usually  developed  for  purposes  of 
water  storage,  so  that  the  question  is  not  very  acute.  Valuable  information  can 
be  obtained  by  observing  the  ground-water  level,  and  my  own  practice  has  been 
to  estimate  the  water  stored  up  in  the  invisible  reservoir  at  various  dates,  and 
to  tabulate  as  follows  : 


t)at«. 

ToWJ 
Rain-bll. 

ToUl  Visible 
Run-off. 

Water  Stor^e  since 
Beginning  of  Rains. 

Probable  Total  Run- 
offif  Rains  were  to 
cease  on  (his  Date. 

The  6gure  in  Coliunn  4  is  calculated  from  the  observed  rise  in  ground-water 
level  by  the  fotraula  given  on  page  188,  and  that  in  Column  S,  is  the  sum  of  the 
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lenns  in  Columns  3  and  4.  The  assumption  is  obvious.  We  neglect  any 
possible  future  depletion  of  the  ground  water  by  underground  leakage,  or  by 
evaporation  produced  by  vegetation. 

The  likelihood  of  loss  by  leakage  can  be  estimated  by  a  survey  of  the 
penneable  strata.  The  second  fonn  of  loss  probably  occurs,  but  may  be 
considered  to  be  balanced  by  the  fact  that  we  have  neglected  the  water  which 
b  absorbed  in  producing  a  partial  saturation  of  the  upper  layers  of  permeable 
soil  above  the  ground-water  level.  This  evaporation  is  probably  only  large  in 
those  localities  where  the  subsoil-water  level  conies  within  3  or  4  feet  <rf  the 
natural  surface  \  but  the  nature  of  the  vegetation  has  a  great  influence  upon  its 

Variability  of  the  Wet  Seasou  Rain-falls.— ^kxcX-^  all  climates  of 
this  typefallinto  the  exceptional  class  discussed  ott  page  iSo,  where  the  poBNble 
annual  variability  in  rain-fall  is  larger  than  is  generally  the  case.  Thns,  in-  a 
thirty  years'  record  the  minimum  wet  season  rain-bll  '»  Irequently  as  law  as 
o'33  of  the  mean,  and  ratios  of  axo  or  o't;  are  not  .unknown.  Similar 
abnoraialities  occur  when  the  average  of  the  two  ts  three  driest  successive  years  is 
discussed.  The  matter  is  now  well  understood  both  in  India  and  in  CahfarBin, 
but  must  be  borne  in  mind  whenever  climate  of  this  type  are  dealt  with  in  ac^y 
settled  countries.  In  some  of  the  earlier  Indian  projects  a  short  period  nun-&U 
record  for  the  locality  considered  was  compared  with  a  long  period  record  for 
Calcutta,  and  the  variability  ratios  for  Calcutta  were  helieved  Co  apply.  This  is 
now  known  to  be  erroneous.  A  similar  error  is  likely  to  be  made  in  Other 
countries,  unless  pointed  out;  as  long  period  records  irl  a  newly  developed 
country  are  generally  confined  to  the  coastal  districts,  where  the  variability  ratios 
are  usually  normal  in  type. 

Capacity  of  Reservoirs.— The  determination  of  the  capacity  of  the  equalis- 
ing reservoir  under  such  circumstances  is  a  simple  matter.  In  view  of  the  periodic 
oscillations  of  the  time  at  which  the  wet  season  begins  and  ends,  we  must 
generally  assume  that  no  reservoir  will  suffice,  even  for  one  year,  unless  it 
holds  a  supply  sufficient  for  365  days  at  the  end  of  the  wet  season.  It  is 
always  possible  that  in  one  year  the  stream  flow  of  the  wet  season  may  end 
say  in  August,  and  that  in  the  next  year  the  stream  flow  may  not  begin 
until  August.  A  study  of  the  yearly  run-oifs  will  enable  us  to  determine 
whether  we  can  rely  upon  the  reservoir  being  refilled  in  the  driest  year,  and 
if  not,  a  capacity  approximately  equal  to  a  supply  extending  over  two  years, 
or  730  days,  is  obviously  required.  As  a  matter  of  practice,  a  study  of  the 
capacities  of  Indian  and  Californian  reservoirs  for  town  water  supplies,  ot  for 
permanent  irrigation  (i.e.  such  crops  as  fruit  trees,  or  lucem,  where  the  crop 
cultivated  is  perennial)',  shows  that  the,  rules  adopted  are  very  much  as 
follows. 

Where  calculation  indicates  that  the  run-off  of'  the  driest  years  will  probably 
fill  the  reservoir,  a  capacity  of  650  to  730  days'  supply  is  provided. 

If  the  driest  year  will  not  fill  the  reservoir,  a  capacity  equivalent  to  about 
1000  or  1100  days  is  provided.  Cases  exist  where  a  capacity  of  1400  and 
1 500  days'  supply  is  found  to  be  necessary. 

For  irrigation  of  such  crops  as  wheat,  and  cottonj  a  smaller  margin  of 
safety  is  usually  provided  ;  and  some  Indian  and  Algerian  reservoirs  are 
designed  on  the  assumption  that  onra  in  10  or  15  years  no  irrigation  can  be 
effected.    The  matter  is  evidently  a  question  of  finance,  and  in  view  of  the 
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&ct  tliat  in  mtMBt  climatn  cropi  w  fteqxently  damaged  by  excessive  rains, 
the  irrigators  can  bardljr  be  considered  to  be  very  adversely  situated 

yaluej  of  tkf  Rain-fall  Lou. — In  tbe  typical  climate  of  this  class  the  relation 
between  x  and  *  is  not  of  much  practical  impoRance.  The  following  records 
arc  tiS  fint  dass^  accnracy,  but  refer  to  Southern  Indian  climates  where' two 
wet  seasons  occnr  each  ytas.  It  is  probable  that  during  most  years  the 
catchment  areas  become  diy  between  the  monsoons,  but  during  Uie  wetter  . 
years  this  certainly  does  not  occur. 


1 

1         .    Loolity. 

Area. 

" 

y 

" 

! 

Acres 

Mercara, 

48 

119-18 

44'3' 

74 '87 

r.I.C.E.,yo\.  xn, 

]     Southern  India, 

p.  312.    Nomn- 

'     one  year 

off  in  December 
to  February  in- 
clusive 

'   Labi^ma, 

"385 

i6a-8i 

84'g8 

77-81 

Ceylon 

"7 -55 

76-66 

50-89 

Driest  year  since 
1897 

Years  1905-7  in- 

1.4-60 

ReportsbfP.W.D.; 

clasive. 

i 

Ceylon,  for  years 
concerned 

CUUATBS  OF  THE  THIRD  TvPR.—Hcre  the  nin-ofT'  of  each  separate  fkU 
at  rain  is  an  indepeadent  unit ;  since,  except  in  abnormal  cases,  the  area  is 
always  dry,  so  that  the  first  column  of  Strange's  second  table  (see  p.  247) 
may  be  considered  as  i^ii^icable.  For  example,  Collins  {P.I.C.E.,  vol.  16$, 
p.  271)  assumes  that  near  Johannesburg  in  the  Transvaal : 

Falls  of  less  than  1  inch  in  a  day  produce  no  run-otf. 

Falb  of  between  i  and  2  inches  per  day  produce  a  run-o^equal.to 

0-20  of  the  rain-fall. 
Falls  exceeding  3  inches  per  day  produce  a  run-off  equal  to  0-40  of 


theri 


vfell. 


The  assumption  is  stated  to  be  favouraUe,  and  a  yearly  run-olf  equal  t^ 
0117  of  the  yearly  rain-fall  cannot  be  relied  upon.  The  determination  of  the 
reservoir  capacity  is  effected  by  applying  these,  or  similar  figures,  to  the 
records  of  daily  rain-falls  over  kmg  periods. 

In  certain  instances,  where  the  catchment  area  is  large,  the  river  will  be 
found  to  have  a  petvnnial,  or  approximately  perennial  (low.  In  such  cases 
gauge  records  usually  exist,  and  may  be  employed  to  estimate  the  yearly  or 
monthly  Tun'OiTs.  The  studies  of  daily  rain-falls  may  then  be  applied  to 
investigate  whether  the  river  is  ever  likely  to  run  dry.  It  must,  however,  be 
retnenibered  that  the  "rain-fall"  over  a  targe  catchment  area  of  this  type  is 
nsoally  only  an  ideal  figure,  as  those  falls  of  rain  which  produce  any  run-off 
are  probably  only  local,  torrential  downpours. 
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The  uncertainties  are  admirably  illustnued  by  the  following  lecord  of  the 
yearly  run-offs  of  the  Sweetwater  (California)  catchment  area. 

Satce  even  the  deepest  natural  bodies  of  water  existing  in  such  climates 

are  known  to  dry  up  by  ordinary  evaporation  during  intciise  droogbts  (say 

three  or  four  times  in  a  centnry),  a  pemianent  water  supply,  such  as  can  be 

obtained  in  moister  climates,  must  probably  be  set  aside  as  an  unattainable 

.  ideal. 

En  cases  where  it  is  necessary  to  provide  a  permaaeiit  water  supply  in  such 
climates  the  problem  is  usually  solved  in  one  of  the  tbree  following  ways  : 

(a)  Frequently  by  deep  wells,  which,  in  many  cases,  develop  the  under- 
ground flow  of  a  well-mariced  subterranean  water  channel.  This  is  the  normal 
method  of  supplying  cities  and  oases  in  desert  climates.  Any  discussion  of 
the  methods  of  discovering  such  supplies  is  futile.  Where  they  exist,  a  desert 
city  or  oasis  will  be  found.  The  publications  of  the  Egy[Mian  Survey  Depart- 
ment, and  of  the  United  States  Geological  Survey  on  Desert  Water  Supftlies 
may  be  consulted.  Beadnell  {An  Egyplitui  Oasit:  Kharga)  describes  a  case 
where  the  supply  is  semi -artesian,  and  sufficiently  copious  to  form  a  basis 
for  large  scale  agricultural  operations. 

(^}  The  water  is  stored  in  high  lands  adjacent  to  the  desert,  and  is  delivcied 
by  long  conduits.  The  city  of  Los  Angelos,  Cal.,  although  hardly  a  desert 
city,  is  supplied  in  this  tnanner,  since  the  population  b  now  too  large  to  be 
fed  by  storage  or  underflow  developments  of  the  adjacent  country  which  has 
a  climate  of  the  second  type. 

[c\  Selected  areas  of  rocky  ground  are  rendered  impermeable,  and  the 
whole  rain-fall  is  collected  in  deep  tanks.  The  typical  example  is  Aden,  and 
for  military  reasons  Gibraltar  is  also  thus  supplied,  (see  p.  256). 

Records  of  the  Sweti-a>aUr  {California)  Catchment  Arta.—'V\ia  following 
particulars  are  taken  from  Schuyler  {Raervairs,  p.  333).  The  catchment 
area  is  186  square  miles,  and  the  elevation  above  sea  level  wiea  from 
220  feet  (at  tbe  dam)  to  5500  feet  in  the  mountains  bounding  the  catchment 
area.  The  mean  elevation  is  about  3300  feet  The  rain-fall  is  that  wUch 
is  recorded  at  the  dam,  and  certainly  does  not.  represent  the  mean  rain-fall 
over  the  whole  catchment  area.  While  the  recorded  rain-fcilt  may  bear  some 
relation  to  the  mean  rain-fall  over  the  whole  area,  it  is  believed  that  the 
run-off  of  similar  Califomian  catchment  areas  is  mainly  produced  by  the 
far  heavier  local  rain-fall  which  occurs  in  the  higher  portions  of  the  catch- 
ments. The  circumstances  may  therefore  be  regarded  as  analogous  to  those 
of  the  Melbourne  catchment  area  (see  p.  201),  but  the  difference  in  rain-fall 
produced  by  changes  in  elevation  is  prolMbly  tax  greater. 

The  reservoir  originally  had  a  capacity  of  18^053'  acre-feet  (i  acre-foot 
equals  43,560  cubic  feet),  say  li  times  the  mean  annual  run-oft  In  1696  it 
was  enlarged  to  22,566  acre-feet.  The  reservoir  was  completely  dry  by  1899. 
Tube  wells  were  therefore  sunk  in  the  reservoir  bed,  and  infiltration  galleries 
excavated  in  the  river  bed  below  the  dam.  By  pumiHng  from  these  sources 
sufficient  water  was  obtained  for  domestic  purposes,  and  in  addition  a  "depth 
of  water  equal  to  028  feet"  was  applied  to  the  citrus  trees  which  were  usually 
irrigated  from  the  reservoir.  This  amount  enabled  the  trees  to  be  kept  alive 
from  May  to  the  a3rd  November  1899.  Similar  pumping  becaibe  necessary 
in  1900.  The  history  is  typical  of  that  of  many  reservoirs  in  arid  countries, 
and  it  is  hard  to  see  what  more  could  be  done,  as  the  reservoir  lota  15  per 
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ceot.  of  Its  capacity  each  year  by  evaporation.  The  real  lesson  is  that 
inTOtigations  in  search  of  grotud-water  supplies  should  be  made  in  all  similar 
cases,  and  that  they  should  not  be  deferred  until  the  reservoir  shows  signs  of 
(ailore. 


Yemr. 

Total  Run-olf. 

Yeariy  Rain-Ut 
at  die  Dam 
in  Inches. 

Not  given 
I3S3 
16-53 

■'I 

ir6a 

6jo 
i6'i9 

7-29 
IP '97 

;-°s 

SOS 

SS4 

7-05 

4-86 

V 
6'39 

■S'SS 

In  Actc-FeeC. 

InCusecsper 

Square  MiV 

1887-1888 
1888-1889 
1889-.890 
i89»-i89i 
,8,i-.8,. 
189:1-1893 
■893-1894 
1894-1895 

1S99-1900 
1900-1901 
I 901-1903 
1903-1903 
'903-1904 
I 904- I 90s 
1905-1906 
1906-1907 

7,048 
35.253 
ao,S32 
21.565 

6,198 
16,261 

1.338 
73.4" 

4'3 
246 

0 
838 

13.760 
35.000 
30,000 

00534 
0-1875 
01535 
O'i6oz 
0-0460 

0-13I0 

0-0099 
0-5453 
0-0098 
00513 
0-00003 
0-0018 

O'O 

00061 

0-0 

0-3600 

0-3338 
00964 

Average     . 

",983 

95! 

Vietoriatt  Records  of  Rain-fall  and  Run-af.—T^c  following  values  of  the 
rain-fall  and  nin-ofi'  of  various  catchment  areas  in  the  State  of  Victoria 
(Australia)  are  abstracted  from  Stuart  Murray's  publication  {River  Gauging! 
of  the  Stat*  of  Victoria,  Melbourne,  1905).  The  results  are  extremely  inter- 
esting for  the  following  reasons  : 

(a)  The  State  of  Victoria,  north  of  the  Dividing  Range  represents  precisely 
that  class  of  condition  where  knowledge  of  the  chu-acter  now  discussed 
proves  most  valuable.  The  rain-fall  is  sufficient  to  support  a  population  which 
desires  a  good  water  supply,  but  the  run-off  is  not  so  abundant  as  to  permit 
the  designing  engineer  to  guess  at  random  and  be  none  the  worse.  The  supply 
most  be  obtained  from  catchment  areas  of  relatively  small  size,  and  snow-fed 
rivers  are  abs«it. 

(fi)  As  usual,  in  such  cases,  the  rain-fail  records  are  probably  less  accurate 
than  the  run-off  records,  which  are  quite  as  accurate  as  any  records  referring  to 
rivers  of  the  same  sue. 

On  the  other  hand,  the  climate  of  the  State  does  not  fall  into  any  one  of  the  ■ 
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three  lyfHcal  classes.  There  is  no  shaip  division  into  wet  and  dry  seasons,  as  in 
NoTtbem  India  ;  nor  is  any  portion  of  the  State  a  desert,  since  wheat  is  grown 
without  irrigation  all  over  the  land,  but  it  is  believed  that  every  river  in  the 
State,  even  the  latest,  ceases  to  Sow  once  in  a  century,  if  not  more  frequently. 
The  climate  is  probably  best  described  as  belonging  to  the  second  class,  but 
the  catchment  areas  are  frequently  not  thoroughly  dry  for  three  or  four  years  in 
succesEion.  Further  details  arc  given  in  connection  with  the  individual  areas 
(see  pp.  aSz-3)- 

The  original  paper  gives  the  rain-fall  and  run-off  by  months. 

An  abstract  of  yearly  rain-fells  and  rtm-ofTs,  including  several  rivers  of 
somewhat  similar  characteristics  in  the  Western  United  States,  is  given  by 
Fuertes  {P.I.CJS.,  vol.  162,  p.  148).  It  is  believed  that  the  rain-fiOl  records 
are  less  accurate  than  those  tabulated  by  Stuait  Murray.  The  run.off  records 
are  also  probably  slightly  less'accuiate  in  some  cases,  but  I  do  not  possess 
the  detailed  information  that  is  at  my  disposal  for  the  Victoria^  records. 

Secondary  Catchment  Areaa. — A  site  is  frequently  found  where  a  reaervMr 
can  be  economically  constructed  of  a  capacity  greater  than  that  required  for 
the  catchment  area  which  would  naturally  feed  the  reservoir.  In  such  case^ 
works  are  sometimes  formed  in  order  to  divert  the  0ow  from  other  catchment 
areas  into  the  enlarged  reservoir.  So  also,  when  the  yield  of  a  catchment  area 
has  been  overestimated,  it  is  frequently  necessary  to  supplement  it  by 
diversion  from  other  catchment  areas. 

Such  works  usually  consist  of  a  diverting  dam,  or  wdr,  across  the  natural 
drainage  chfuinel,  with  a  connecting  channel  to  carry  the  water  collected  -across 
the  natural  line  of  water  parting  into  the  main  catchment  area. 

The  design  of  a  diversion  dam,  or  wur,  is  not  a  difficult  matter.  The 
capacity  of  the  diversion  channel  needs  carefiil  consideration,  since  the 
circumstances  calling  for  the  inclusion  of  a  secondary  catchment  area  require 
tfae  collection  of  as  much  water  as  is  consistent  with  economy.  The  constrac- 
tion  of  the  diversion  channel  will  probably  prove  costly,  owing  to  the  deep 
excavation  entailed  by  crossing  the  line  of  natural  water  parting. 

A  sufficient  number  of  examples  does  not  exist  to  enable  any  useful  ndes  to 
be  drawn  from  general  experience.  The  Vymwy  watershed  includes  two 
secondary  catchment  areas,  as  follows  : 

The  Cownwy,  of  3092  acres,  with  a  diversion  channel  of  120  million 

gallons  daily  capacity. 
The  Marchnant,  of  1650  acres,  with  a  tunnel  of  88  million  gallons  daily. 
These  two  combined  areas  are  said  to  yield  about  10  million  gallons  daily. 
Since  the  yield  of  the  remaining  18,000  acres  is  about  55  million  gallons  daily, 
it  would  appear  that  the  diverted  areas  only  contribute  about  yb  per  cent  of 
the  normal  yield  per  acre.  The  rain-fall  over  the  catchment  area  is  irr^fular, 
and  no  very  satisfactory  deductions  can  be  drawn.  The  run-off  observations 
arc  known  to  have  been  systematically  carried  out  lor  more  than  3o  years. 
We  may  consequently  say  that  in  this  particular  case  of  a  catchment  area  of 
high,  but  somewhat  irregular  yield,  a  diversion  channel  with  a  capacity  d 
approximately  twenty  times  the  average  daily  yield  of  three  dry  yean  proved 
economical. 

Usually,  it  may  be  assumed  that  before  the  diversion  channel  need  be  finally 
designed,  the  engineer  will  have  run-olf  records  of  approximately  four  or  five 
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jtax%  to  study.  Thete,  combined  with  &  consideration  of  the  capacity  of  the 
reservoir  (itstiaUy  only  a  small  one),  formed  by  the  diversion  dam,  will  enable 
lum  to  draw  up  tables  showings  the  total  volume  of  water  diverted  when  the 
channels  are  of  various  assumed  capacities.  These,  together  with  the 
estimates  of  constructional  expense,  enable  a  selection  to  be  made  of  that 
channel  which  yields  the  greatest  volume  of  water  in  proportion  to  its  cost. 
Such  a  channel  may  be  assumed  to  be  too  large,  since  what  we  require  is  a 
s«newbat  smaller  channel  yielding  the  greatest  volume  of  water  during  the 
critical  penod  of  depletion  (i>.  usually  the  period  of  three  successive  dry  years). 
It  would  generally  appear  that  a  channel  of  about  80  per  cent,  of  the  above 
capacity  best  suits  the  circumstances. 

There  is  another  aspect  of  the  matter,  which  is  not  only  a  asefiil  guide  for 
preliminary  estimates,  but  must  be  considered  in  the  final  designs.  The 
channel  should  not  be  liable  to  silt  up,  and  a  study  of  the  bed  of  the  natural 
stream  will  usually  enable  us  to  make  a  very  fair  estimate  of  the  flow  which  is 
not  frequently  exceeded.  This  may  t>e  roughly  estimated  as  the  discharge 
corresponding  to  the  "  bank  stage  "  of  the  natural  channel.  If  the  diversion 
channel  is  proportioned  so  as  to  carry  this  disdiarge  with  approximately  the 
sune  velocity  as  that  occarring  in  the  natural  channel,  we  may  feel  secure 
against  any  consideraUe  deposit  of  silt  or  stones.  If,  however,  this  capacity 
(rf  channel  is  much  exceeded,  a  somewhat  higher  mean  velocity  is  necessary. 
Failing  this,  the  larger  channel  may  rapidly  adjust  itself  to  a  discharge 
capacity  which  is  exactly  that  which  the  stream  can  keep  free  from  deposits. 
In  that  case,  somewhat  costly  yearly  cleanings  will  become  unavoidable.  The 
area  of  the  natural  channel,  and  the  quantity  of  silt  carried  by  the  stream 
should  therefote  be  corefiilly  studied;  If  silt  is  an  important  factor,  it  will  be 
found  advisable  to  design  the  diversion  channel  of  a  capacity  not  greater  than 
that  indicated  by  the  discharge  of  the  natural  stream  when  running  bank  full. 
Uikler  such  conditions,  in  a  British  catchment  area,  we  may  generaUy  reckon 
00  securing  about  three-quarters  to  five-sixths  of  the  total  run-otT  in  a  dry  year. 
It  would  therefore  appear  that  the  Vymwy  diversion  channels  have  been 
proportioned  with  a  somewhat  smaller  capacity  than  even  this  rule  indicates, 
unless  the  dry  year  yields  of  the  Vymwy  catchment  area  are  [H^portionately 
higher  than  is  usually  the  case. 

Cogfalan  (PJ.CM;  vol.  75,  p.  187),  discusses  the  question  of  channels  for 
draining  secondary  catchment  areas  in  New  South  Wales,  and  gives  a  formula 
which  indicates  that  a  channel  with  a  capacity  equal  to  the  mean  discharge  of 
a  stream,  wilt  actually  carry  ofT  a  fraction  equal  to  : 


(o'25H J  of  the  total  discharge  ; 


where  x,  is  the  rain-fall,  and  y,  the  run-oflT  in  inches  per  annum.    He  als 
states  that  if  the  capacity  is  equal  to  : 

7$    per  cent,  the  mean  discharge,  0.83s  °f  ^^  above  quantity  is  secured. 
SO  -  «  »  o'S34  „  ,. 

1$  „  „  o"38o  t>  .. 

13}  ,.  „  o*2S3 

7i  „  ,>  o-'6o 

c  „  „  0-118  „  „ 
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Garryiog  the  resalts  to  three  figures  is  obviously  excessively  exact,  but  die 
foirnula  is  foundedoD  six  years'  experience  of  two  hilly  catchment  ateas. 
.     Coghlan's  actual  figures  show  that  in  th«  wont  year  tbe  ftaction  delivered  it 
18.  to  20  per  cent.,  when  the  capacity  b  equal  to  the  mean  yield.    This  ^aciioa 
decreases  &r  less  rapidly  than  his  table  indioUes.    The  mean  figures  uc  : 


Mean  ofbolhResviUs  for 

Maui 

RuDKlff. 

Ci^nciiy  of  Channel, 

1 

\  ditto. 

\  ditto. 

1  ditto. 

Aditto. 

Woist  year 
Best  year  . 

l8-8 
6r7 

14-0 
37'3 

10-3 
zi-3 

77 
116 

15   1 

The  figures  being  the  peccenuges.  of  tbe  total  run-off  actually  deltveied 
during  that  year,  and  the  best  year's  yield  being  in  the  one  case  four,  and  in 
the  other  6-5  times  that  of  the  worst  year. 

The  above  figures  refer  to  a  catchment  area  in  New  Sooth  Wales,  but  a 
study  of  the  run-off  rocords  does  not  indicate  that  the  dood  and  low  wuer 
periods  are  more  inaiked  than  is  usually  the  case  in  mountainous  catchment 
areas. 

If  applied  to  a  level  area  containing  a  large  amount  of  permeable  strata,  the 
channels  might  possibly  be  disjiniahed  in  site.  They  should  certainly  be  in- 
creased in  climates  of  .th&second  class,  where  the  whole  run-off  occun  durmg  a 
short  period  of  the  year  only.  It  may  be  suggested  that  if  the  main  daily  yidd 
is  then  calculated  not  over  365  days,  bnt  gver  the  average  duratitm  of  the  wet 
season,  the  remits  will  not  err  greatly. 

In  dry  climates  (especially  those  belonging  to  tbe  third  class),  systematic 
dnunage  of  the  catchment  asea  will  greatly  increase  the  nm-c^.  The  osual 
methods  consists  ofcontourdrainst  about  6x4  inches  traced  by  a  plough  <diich 
throws  the  sod  -on  to  the  lower  side  of  the  drain. 

In  actual  work  in  tbe  northern  parts  of  Victoria  (with  ;r— 35,  to  40^  aad 
7=3;,  to  30  inches)  I  have  noticed  that  such  a  section,  although  producing  a 
noticeable  increase  in  run-off,  is  too  small.  Better  result*  are  c^tained  if  the 
drains  can  carry  about  two  cusccs  per  100  acres,  even  in  well  grassed  areas 
of  300  to  400  acres. 

The  principle  may  be  extended.  The  rock  aie>sts  used  for  collecting  water 
at  Aden  and  Gibraltar  illustrate  its  extreme  development,  where,  after  carefully 
cementing  all  cracks,  and  draining  all  hollows,  a  yield  equal  to  90  or  93  per 
cent,  of  the  rain-fall  is  secured. 

COLLKCTioN  OF  Water  from  other  Sources  than  Stream  Flow.— It 
is  not  proposed  to  discuss  the  methods  of  discovering  springs  and  underground 
flows  of  water.  The  only  scientific  methods  are  geological,  and,  unfbrttmately, 
the  experience  acquired  in,  say,  the  British  Isles  can  only  be  utilised  in  other 
countries  by  a  skilled  geologist.  For,  while  geologists  consider  strata  as  pen 
meable,  or  impermeable,  the  geological  classification  of  strata  pays  no  r^ard 
to  this  characteristic.  Hence,  an  envuneration  of  British  water-yielding  (trata 
would  be  worse  than  useless  if  applied  to  Indian  conditions. 

Thequestlonofthedeterminationof.dte  volume  of  water  flowing  in  an  alluvial 
bed  has  already  been  considered  (see  p.  205).    Sketch  No.  38  shows  an  under. 
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ground  dam  for  tbe  coUeciioD  of  the  "  underflow  "  io  a  gravel  bed.  It  may  be 
renudced  that  the  reiults  of  Micli  methods  are  generally  disappoimiag,  bat  it  is 
believed  that  the  preUininary  estimates  were  usually  vague  «ai  unBcicntific. 
So  far  as  I  caa  judge  firom  three  personal  eiipericnces,  an  engineer's  cop&ectkm 
with  such  schemes  will  usually  be  confined  to  prdiminary  investigations,  and 
Uw  compilation  of  a  report  showing  that  the  scheoie  is  notecoatwiically  profitable. 
Sketch  No.  t9  shows  a  design  for  the  collection  of  water  from  a  s|Ming, 


Sur^ce 


Skktch  No.  jS.— Dam  for  CoUectiDg  "  Underflow  "  Water. ' 

Sketch  No.  60  shows  two  typical  German  designs  fbr  the  collection  of  water 
hy  catchment  galleries  :  («)  from  a  penneable  Btiatum  uoderlun  by  an  iinp«T- 
meable  stratum,  and  {i)  from  a  deep  bed  of  sand  or  gravel. 

la  the  above  cases  geological  surveys  should  be  undertaken  to  ascertun  the 
area  that  n>[^iet  the.  spring  or  underground  flow.  Such  developments,  if 
carefully  studied,  are  usually  successful,  and  are  very  widely  adopted  for  town 
water  supplies  in  Germany  and  Austria.    Further  details  are  given  under  Wells. 

The  dune  sand  water  supplies  of  the  Hague,  Leyden,  and  other  Dutch 
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cities,  may  also  be  referred  lo.  In  these  cases  (see  Engineering,  1889,  p.  149), 
the  rain  water  absorbed  by  the  dune  sands  is  collected  either  by  open  trencbes, 
or  by  agricultural  drain  pipes.  The  local  conditions  need  cardFul  study,  as  ibc 
fresh  water  floats  on  a  body  of  salt  water  derived  from  the  adjacent  sea.  Id 
some  cases  the  collection  is  effected  by  tube  wells. 

The  principles  concerning  the  collection  of  all  underground  water  supplies, 
except  springs,  arc  best  illustrated  by  a  careful  cmsideration  of  the  problem  of 
a  well  sunk  in  a  large  bed  of  sand  or  gravel. 

Wells  in  Unii-ormly  Permeable  Strata,— A  bed  of  pure  sand 
may  be  taken  as  the  typical  example  of  a  uniformly  permeable  stratum.  A 
substance  of  this  charaaer  is  equally  permeable  by  water  in  all  directioiu, 
and    definite  channels,  or    passages,  do    not  exist    Thus,  the  quantity  of 


Sketch  No.  59, — Collecdog  Basin  for  a  Spiit^. 

water  yielded  by  a  well  sunk  in  such  strata  does  not  depend  upon  its 
position. 

In  fissured  rock  {fg.  granite)  the  water  is  found  in  distinct  and  dearly 
marked  channels,  and  the  yield  of  a  well  depends  almost  entirely  on  whether 
or  not  one  or  more  of  these  veins  are  met  with. 

The  properties  of  a  water  yielding  stratum  may  vary  between  these  two 
extremes  of  granite  [where  the  fissures  alone  yield  water),  and  pare  sand, 
where  a  defined  fissure  cannot  exist  For  example,  the  chalk  lAich  yields  so 
much  water  in  the  country  round  London  has  properties  almost  midway 
between  granite  and  sand.  A  well  sunk  io  chalk  will  always  give  some  water, 
owing  to  regular  percolation  similar  to  that  occurring  in  sand ;  but,  in  many 
cases,  the  cutting  of  a  fissure,  either  by  the  well,  or  by  an  adit,  great^ 
increases  the  yield. 

The  yield  of  a  well  in  uniformly  permeable  strata  is  determined  by  two 
factors  : 

(<t)  The  permeability  of  the  stratum,  whitA  depends  on  the  site  of  the 
s  between  the  individual  grains. 
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ip)  Tbe  natural  slope  of  tlie  ground  water  surface.  This,  of  canxm, 
depends  partly  on  the  permeability  of  the  stratum ;  but,  putting  this  aside, 
the  greater  the  natural  slope,  tbe  greater  is  tbe  available  supply  of  water. 

Temporary  Yield  of  a  WtU. — Consider  the  capacity  of  the  well  from  Ae 


mufiai  Sand  k  Gmel 


Gran'ik 


point  of  view  of  a  machine  for  sucking  water  from  tbe  subsoil ;  and,  for  the 
moment,  neglect  the  question  whether  the  subsoil  can  permanently  supply  the 
water  which  the  well  can  draw. 


Velodty  of  flow  =•  K  x  slope  of  BUbsoil  water  surface. 
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and  the  quantity  of  water  delivered  is  equal  to  tbetdocitr  of  the  flow  multi- 
plied by  the  permeable  area  through  which  flow  occiirs. 

The  velocity  of  flow  above  defined  is  coasequently  Aat  of  a  solid  ralamii 
of  water,  and  the  actual  velocity  of  the  water  in  the  pores  of  the  soil  h  from 
three  to  four  times  as  great,  since  the  void  space  in  such  substances  as  wel 
sand  is  about  33  to  15  per  cent,  of  the  total  volume. 

The  area  through  which  the  flow  occurs  is  bounded  at  the  top  by  the 
ground  water  surface,  and  in  theoretical  investigations  we  assume  that  the 
permeable  stratum  is  underlain  by  an  impermeable  layer  (t>.  the  "sand" 
is  underlain  by  a  bed  of  "clay").  We  also  assume  that  the  well  is  sunk 
through  the  sand  to  this  clay,  or  that  the  collecting  gallery  rests  on  the  bed 
of  clay. 

The  velocity  of  flow  is  usually  very  small,  and  it  is  advisable  to  express  the 
yield  of  the  well,  Q,  in  cubic  feet  per  24  hours.  The  values  of  K,  hereafter 
referred  to,  are  dierefbre  expressed  in  these  units.  If  it  is  desired  to  express 
the  velocity  in  feel  per  second,  or  Q,  the  yield  of  the  well,  in  cusecs,  the  Kfifto- 
priate  vahte  is : 

„     K  ioi  24  hours  as  unit 

^ se;^        ■ 

In  symbols,  we  have,  if; 

J/,  be  the  height  of  the  snbaoil  water  above  the  levd  where  flow  ceases, 
(/.«.  in  the  theory,  above  the  impermeable  stratum)  at  any  point  distant  x, 
from  the  centre  of  the  well,  and  if  v,  be  the  corresponding  velocity  of  flow 
{SketchNo.6i,  Fig.  HI.): 

TheB,f'=K  X  slope  of  subsoil  water  snrface-K^ 


■caching  the  well  per  34  hours. 

Hazen's  experiments  permit  us  to  determine  K,  in  terms  of  the  efiective 
size  of  the  particles  of  sand  or  gravel  (see  p.  25).  In  practice,  however,  K,  is 
best  determined  from  experiments  on  trial  wells. 

The  last  equation  shows  that  if  s,  be  the  slope  of  the  ground  water  snr&ce 
at  a  distaace  x  feet,  from  a  well  which  is  yielding  Q,  cube  feet  of  water  per 
24  hours,  then : 

Integrating  the  equation,  we  have  : 

Qlog.i-.KO'+C) 
Thus,  if  we  observe^,  at  two  points:  >'=H,  at  a  distance  R,and^=>A,  at  a 
distance  r. 

Qlog.? 
Qlog,^.i.K(y-4"),      whence  K- jjjp^pj 

or,  substituting  for  ,r,  and  using  logarithms  to  the  base  lo,  we  have  ; 
Qlog5 

Either  of  these  equations  serves  to  determine  K. 
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It  must  be'  noticed  that  in  deducing  these  foimulie  and  those  given  later 
on  for  a  catchment  grallery,  it  has  been  implicitly  assumed  that  the  surface  of 
the  ground  water  was  horizontal  before  pumping  was  started.  Thus,  io 
practice,  it  is  necessary  to  take  the  observations  of  slope  or  height  along  a 
line  of  test  wells  originally  sunk  along  a  contour  line  in  the  ground  water 
surface,  or  to  correct  for  the  slope  by  putting  s,  for  the  average  change  in  tie 
slope  all  round  the  circle  of  radius  x,  and  H,  and  h,  for  the  average  depths  at 
distances  R,  and  r,  from  the  centre  of  the  well.    (See  Sketches  Nos.  6i  and  6i.) 

(i)  Using  the  first  equation.     Let  9=47,000  cubic  feet=294,ooo  imperial 

gallons  per  day.  Let  '=5-^1  when  jr  =  300,  and  ^  —  40  feet.  Thai, 
K  =,^n^^^  '  ■  =504,  corresponding  to  an  effective  siie  of  0*40  mm.  or 
O'oi6  inch  (that  is  to  say,  clean  and  rather  coarse  sand). 

(ii)  Taking  the  second  equation.  LetH-40,  when  R=iooofeet.  Let  A =36 
at  the  well,  i.e.  when  r=3  feet,  for  a  well  6  feet  in  diameter,  and  Q»i4/)00 
cubic  feet  per  day. 

Then,  K=  .  p^oo^'  ^\  =8S>  corresponding  to  a  very  fine  sand  of 
about  0*006  inch  cfTeaive  size. 

The  formulx  for  a  long  catchment  gallery  resting  on  an  impermeable 
layer  are  not  so  useful  for  the  experimental  determination  of  K ;  but  are 
necessary,  since  this  form  of  collector  is  frequently  used  in  lieu  of  wells  in 
actual  practice.    They  are  : 

y-    2(L-r)- 


and. 


where  Q,  is  the  yield  of  a  gallery  b,  feet  long,  and  s,  is  the  ground  water  slope 
at  a  point  where  the  depth  of  ground  water  above  the  impermeable  stratum 
is  y  ;  and  H,  and  h,  are  similar  depths  at  distances  L,  and  x,  measured 
perpendicular  to  the  length  of  the  gallery.  These  formula  are  for  the  usual 
case  where  water  enters  the  gallery  from  one  side  only.  If  ground  water 
seeps  in  from  both  sides  (which  occurs  only  very  rarely  when  pumping  is 
continuous),  Q,  must  be  doubled. 

{^s  indicated  in  the  second  example,  the  second  form  of  the  equation  is  most 
easily  applied  ;  and,  in  practice,  the  usual  method  of  obtaining  K,  is  as  follows  ; 

Observe  the  difference  between  the  water  level  in  the  well  before  pumping 
commences,  and  the  level  of  the  impermeable  stratum.     Let  this  be  H. 

Similarly,  let  h,  be  the  difference  between  the  water  level  in  the  well  when 
Q,  cube  feet  per  34  hours,  are  being  pumped  from  it  and  the  top  of  the 
impermeable  stratum. 

Then,  if  r,  be  the  radius  of  the  well,  and  R,  the  distance  from  the  well 
at  which  the  ground  water  level  stands  at  a  height  H,  above  the  impermeable 
stratum  during  pumping,  we  find  that ; 

_Qlog~ 

As  a  rule,  it  is  usual  to  assume  that  R  =  looo  feet.  In  actual  practice, 
however,  the  distance  from  the  well  at  which  long- continued  pumping  does  not 
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alter  the  slope  of  the  subsoil  water  surface  is  a  very  important  factor,  and  should 
be  ascertained  by  observation.     In  future  this  distance  will  be  denoted  by  R,. 

A  systematic  determination  of  K,  and  Ri,  is  best  effected  by  pum[nng  from 
a  trial  well,  and  observing  the  drop  of  the  subsoil  water  levels  in  a  seiies  of 
small  test  bores  sunk  at  distances  of  say  200,  400,  or  800  feet  firom  the  well. 
As  a  rule,  the  water  level  in  these  test  bores  becomes  steady  after  pumping 
for  48  hours,  and  the  value  of  K,  thus  ascertained,  may  be  used  to  calculate 
whether  any  further  test  bores  are  required. 

Since  a  preliminary  and  fairly  accurate  value  of  K,  can  be  obtained  by 
sizing  tests  {see  pp.  269  and  350)  of  the  soil,  fresh  bores  are  not  usually  required. 

Examining  the  various  factors  upon  which  Q,  depends,  we  have  as  follows  : 

K,  and  Ri,  are  physical  quantities  depending  on  the  permeability  of  thesoiL 

H— ^,  is  (he  pumping  head  of  the  well,  and  is  fixed  by  economic  considera- 
tions, or  by  the  "  blowing  "  of  the  well. 

H  +A,  depends  on  the  depth  at  which  the  impermeable  stratum  is  found. 

Thus,  the  only  factor  which  can  be  greatly  varied  is  r,  the  radius  of  the  well. 

When -H'-A',  R„  and  K,  are  constant,  Q,  varies  as— ^,  and  we 
obtain  the  following  table  :  log— 


R] 

Lo.,a 

K(H?-l-j 

aooo 

J-60 

1000 

6-91 

0-I45 

667 
500 

6-5= 
6-ai 

::;it 

250 

I'i' 

6- 18 1 

100 

461 

0-3I7 

S^* 

3"9» 

0-856 

As  an  actual  example,  assuming  that  R]  =  1000  feet,  and  taking  the  yield 
of  a  well  of  [  foot  diameter,  as  unity,  we  find  that : 

\,V  A  well  of  z  feet  diameter  will  yield  no  units. 


1-64     „ 
I '94     .. 
so  that  the  possible  yield  of  a  well  increases  &r  more  slowly  than  its  size. 

The  whole  question  has  been  carefully  considered  by  Forcheimer  {Ztsckr. 
oesterrticher  Ing.  Vereins,  1898,  p.  629,  and  1905,  p.  587),  and  the  general 
accuracy  of  the  above  equations  appears  to  be  fairly  well  established,  so  that 
observational  difFeiences  may  be  regarded  as  explained  by  variations  in  perme- 
ability, which  my  own  experiments  show  may  often  amount  W  10,  or  even 
20  per  cent,  of  K,  even  over  short  distances. 

The  above  equations  refer  to  a  well  through  the  walling  of  which  water 
percolates  as  easily  as  through  the  subsoil.    This,  in  &irly  coarse  sand,  can 
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tM  secured  witbom  Afficohy ;  but  in  fine  sand,  or  where  sut&ce  pollution  is 
feued,  impenneable  well  tinings  lanst  be  ad^ted.  FordietBter  (ut  si^rm) 
gSrea  the  following  equations : 

(a)  Tbe  supply  n  deriT«d  from  a  river  at  a  distimce  a,  from  the  well,  and 
the  well  lining  n  pcnnvabte : 

Q  = ,„ (Accurate) 


{Bi  The  well  is  only  permeable  Tor  abught  /,  less  than  k;  and  i 
enters  by  the  bottom  of  the  well.    Divide  the  above  values  of  Q  by  : 


<  Approxinutt  only) 


(r)  As  {&),  biit  the  bottom  of  the  well  is  also  permeable.    Divide  tike  abo.ve 
values  of  Q,  by : 


^h^J-. 


(Approximate  only) 


As  an  example  of  their  application  to  a  series  of  wells,  let  us  assume  that 
we  have  three  wells  as  already  investigated,  yielding  qx,  qt,  and  gt,  and  that 
(be  last  two  are  distant  from  the  first  Xiti  tatA  x^  foet  Then,  the  value  of 
H'-A»  for  the  first  is  : 


H'-A»=^log. 


,^K'"' 


-tK"^ 


The  practical  value  of  this  equation  is  somewhat  doubtful,  but  it  serves  to 
show  that  wells  do  not  materially  interfere  vrith  each  Other's  yield,  provided 
that  they  are  spaced  about  —  feet  apart,  and  that  many  small  wells  are 
preferable  to  a  few  large  ones. 

They  also  permit  us  to  predict  the  possible  yield  of  large  permanent  wells 
from  observations  of  the  yield  of  small  tube  wells. 

Practical  experience,  however,  teaches  us  that  other  factors  limit  the,  amount 
of  water  thai  can  be  drawn  from  a  well. 

'  The  first  condition  is  that  the  amount  drawn  from  the  well  should  not  be 
so  great  as  to  cause  grains  of  sand  to  be  carried  into  the  well.  This  condition 
becomes  more  and  more  pressing,  the  smaller  the  siie  of  the  grains  of  sand  ; 
and  in  beds  of  fine  sand  the  safe  yield  of  the  well  is  reached  long  before  the 
theoretical  yields  above  given  are  attained. 

Thiem  gives  the  following  table  : 


DiameteiofGnin&io 

iDcbes. 

Water  Velocity,  in  Feet 

p«  Second,  which  canses 

the  GmiDE  to  rise 

oo      to    o-oi 

o-o      to    o'lo 

O'OI       „      0'O2 

0-I2      „      0-22 

0-02     „     O-04 
o'04     „     o"o8 
o-o«     „     o-ia 

o'37    ..     0-5* 
0*60    „     a'6o 

„Gt)()glc 
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My  own  experience  on  wells  up  U>  20  feet  diameter  in  fine  sandi  of  0*01 
iach  in  diameter,  and  under,  say  K  —  \oo,  causes  me  to  regard  any  yield  over 
o-osr  to  o'o6r  cubic  feet  per  second,  as  liable  to  produce  failuit,  the  sand  being 
removed  from  under  the  well  curb,  and  the  well  rapidly  sinking,  and  becoming 
filled  with  sand.  These  observations  were,  however,  taken  on  roughly  con- 
structed Indian  wells,  where  the  well  lining  itself  did  not  permit  water  to  pass, 
and  the  whole  yield  entered  under  the  well  curb,  thus  producing  a  very  intense 
flow  around  the  circumference  of  the  bottom  of  the  well.  It  is  therefore  probable 
that  in  a  well  with  sides  sufficiently  permeable  to  admit  water,  but  capable  of  re- 
taining the  smallest  grains  of  sand,  yields  equivalent  to  those  given  by  Thicm's 
values,  calculated  over  the  whole  permeable  area  of  the  well,  might  be  attained. 

So  also,  in  one  case,  the  well  bottom  being  covered  with  a  properly  graded 
reversed  filter,  I  was  able  to  obtain  yields  equivalent  to  (o'isxarea  of  well 
bottom  in  square  feet)  cusecs,  without  any  sign  of  failure. 

It  will  be  evident  that  such  lai^ge  yields  from  wells  in  fine  sand,  say  K  1=  80 
to  loo,  are  only  obtainable  with  high  values  of  H— A,  or  exceedingly  deep 
welts,  in  which  H+A,  is  targe.    For  example,  take  R,  =  looo  feet,  and 
r  =  3  feet,  and  assume  that  the  yield  is  2*82  cusecs,  or  that 
Q  =  2-82  X  3600  X  24  cubic  feet  per  day.    When  K  -  100,  we  get : 
H'->1"=  5184 
or,  if  H-A  =  ao  feet,  H+A  -  259  feet,  or  a  well  6  feet  in  diameter  must  be 
sunk  some  130  feet  below  the  subsoil  water  level. 

Taking  what  is  the  more  usual  Indian  practice,  for  town  water  supply 
wells,  «.*. : 

H-A  =  6  feet,  H+A  =  90  feet 
we  get: 

Q=       6'e  26,162  cube  fi;et  per  day,  or  about  ©■3  cusec 

Tested  by  the  rule  given  above,  the  yield  is  about  twice  the  safe  yield  when 
r  =  3  feet ;  and,  as  a  matter  of  fact,  such  weUs  rarely,  if  ever,  give  a  regular 
yield  of  much  above  o-i  cusec 

PermMurii  K«/rf.  — This  introduces  us  to  the  second  limitation  of  wells. 
The  above  well,  regarded  as  a  machine,  is  capable  of  taking  o'3  cusec  out  of  the 
ground,  if  provided  with  a  proper  reversed  filter  ;  or,  at  a  smaller  depression, 
(say  H— A  =  35  feet)  will  yield  about  o'i6  cusec  with  safety,  it  is  actually 
considered  to  be  successful  if  it  yields  01  cusec  The  explanation  is  obvious, 
— the  ground  water  is  not  replenished  sufficiently  rapidly. 

The  maximum  possible  replenishment  of  ground  water  can  be  roughly 
calculated  as  follows.  The  natural  slope  of  the  ground  water  surface  in  such 
districts  is  about  ,^,  and  this  alone  replenishes  the  ground  water  when  the 
pumping  is  long  continued.  The  area  supplying  the  well,  measured  normal 
to  the  natural  flow,  is  roughly  2R1  x  50,  say  ioa,ooo  square  feet,  and  the  velocity 
of  flow  is  ^th  of  a  foot  per  day.  Thus,  a  continuous  yield  of  10,000  cube  feet 
per  day  (  =  o'ii  cusec  approx.)  is  all  that  can  be  expected  from  day  and 
night  pumping,  although  the  same  total  volume  could  be  obtained  with  safety 
in  about  16  hours. 

The  preliminary  studies  for  a  well  are  therefore  as  follows  : 

(i)  Discover  the  natural  slope  of  the  ground  water. 
(ii)  By  pumping  from  a  trial  well  estimate  Rt,  and  K,  and  also  the  safe 
yield  from  the  point  of  view  of  sand  "  blowing  "  into  the  well. 
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Hence,  we  can  calculate  the  rate  at  wluch  gnmsti  water  wtU  be  sniqilied  to 
the  well,  and  thence  its  permanent  yield.  Then  we  can  determine  the  vahie 
of  r,  such  that  the  permanent  yield  is  nearly  equal  to  the  safe  yield,  and  so 
can  ascertain  the  cheapest  well  (which  will  generally  be  the  smallest  possible). 

In  cases  where  no  impeimeable  stratum  exists,  the  problem  (if  regarded 
exclusively  as  a  mathematical  one)  is  somewhat  more  difliculL  In  Indian 
practice,  as  deep  a  welt  is  sunk  as  is  commercially  practicable,  which  (under 
Indian  conditions)  corresponds  to  a  depth  of  about  50  feet  below  subsoil 
water  level. 

In  the  studies  conducted  at  Amrttsar  whan  preparing  a  project  for  irrigation 
from  wells,  the  sand  bed  was  at  least  300  feet  deep  i  except  in  one  case, 
where  a  small  patch  of  clay  existed  about  30  feet  below  the  well  cuib.  The 
values  of  K,  obtained  from  observations  of  the  yields  of  the  wells  when  H, 
and  h,  were  measured  from  the  well  curb  level,  were  about  30  per  cent,  greater 
than  those  obtained  firom  small  scale  experiments  on  percolation  throi^  the 
land,  ot  by  siung  the  sand  with  sieves  (both  these  methods  gave  very  concordant 
resultsX 

It  may  therefbra  be  inferred  that  the  subsoil  water  was  in  motion  down  to 

a  depth  below  the  well  curb  approximately  e(|ual  to  The  sand  was  very 

fine,  K,  as  ascertained  from  small  scale  tests,  varying  from  80  to  125,  and, 
as  ascertained  from  the  well  yields,  from  too  to  170. 

In  practical  work,  the  obvious  procedure  is  to  sink  the  test  well  to  the 
depth  to  which  the  peimanent  wells  are  proposed  to  be  sunk,  and  to  calculate 
the  yield  of  the  permaiwiit  wells  from  the  experimental  value  of  K,  as  as- 
certained by  using  the  equation  on  p.  362  when  H,  and  k,  are  measured  from 
the  well  curb. 

As  a  rule,  Indian  wells  are  too  large  for  the  quantity  of  water  which  they 
can  pennanently  yield,  if  34  hours'  pumping  is  contemplated.  The  wells  are 
proportioned  so  as  to  be  safe  against  blowing  when  yielding  the  quantity  which 
is  initially  observed  ;  and,  as  already  stated,  this  quantity  is  frequently  twice  or 
three  times  as  great  as  the  quantity  which  the  natural  slope  of  the  ground 
water  surface  supplies  to  replenish  the  ground  water  near  the  well. 

In  consequence,  "  large  and  permanent  falls  in  the  subsoil  water  level "  are 

produced,  and  the  partial  failure  ia  the  supply  is  frequently  attributed  to  a 

,  sncccssioD  of  dry  years.    So  far  as  my  experience  goes,  dry  years  have  but 

little  influence,  and  the  actual  facts  are  that  the  line  ot^weUs  is  yielding  more 

than  the  natural  replenishment  of  the  ground  water  can  supply. 

According  to  the  equations  already  given,  if : 

L,  be  the  total  length  in  feet,  of  a  line  of  wells  measured  normal  to  the 
direction  of  the  natural  ground  water  flow,  and  if  S,  be  the  natural  slope  of  the 
ground  water  surface  before  the  wells  are  installed,,  the  total  permanent  yield 
cannot  possibly  exceed : 

Q  =  KS(L+2Ri}H  cube  feet  per  24  hours 

where  H,  is  the  depth  of  the  well  curb  below  the  natural  ground  water  )evd,  if 
K,  be  ascertained  from  a  trial  well ;  or  H  •-  I'l;  to  1-30  depth  of  well  curb 
below  the  natural  ground  water  level,  if  K,  be  ascertained  from  small  scale 
experiments.  This  value  is  the  maximum  possible  permanent  yield,  and  the 
spacing  of  the  wells  aoA  their  uze  should  be  so  selected  as  to  permit  this  daily 
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yield  to  be  obtained  in  8,  i^  or  i6  bows,  or  whatever  other  period  i^  idected 
for  pumping. 

The  one  exception  to  thii  nile  is  where  a  pemument  stteam,  or  lakcv  exists 
close  to  the  wells,  and  the  eqtstioa  : 

,rK(H'-A*) 

log^ 

is  applicable  both  for  temporary  and  permanent  yields. 

llie  possibilities  of  pollution  are  obvious,  btit  otherwise  the  case  is  very 
fiivcarable,  and  should  be  selected  wherever  practicable.  The  actual  cstiination 
of  the  probable  jield  of  an  extensive  schone  for  groond  water  p«m|nag,  is 
difficult.  Rain  is  the  source  of  the  (ground  water,  bat  the  catdinicnt  areai  is 
ill  de6ned. 

Tt»  iield  wells  of  a  Urge  and  highly  cultivated  area  in  the  Sialkotc  district 
of  the  Punjab  are  capable  of  snpfdying  at  least  6  to  7  indies  depth  of  water 
yearly,  over  the  whole  area,  and  the  only  apparent  source  is  a  rain-fall  of  sboot 
30  inches  per  annum.  But,  since  the  water  is  used  for  local  irrigatian,  some 
portion  may  have  been  used  twice  over,  and  percolation  from  neighbouring  hill 
torrents  may  occur.  So  also,  chalk  weils  in  England  appear  to  give  yields 
cotresponding  to  6,  or  8  inches  depth  ;  but,  after  a  series  of  dry  yean  signs  of 
exhaustion,  vanishing  in  wetter  years,  are  noticeable. 

The  only  safe  method,  therefore,  is  to  actually  ascertain  the  grand  water 
eontoonovera  large  area,  say  3,  or  4  square  miles,  and  to  estimate  the  velocity 
of  flow,  either  as  discussed  on  page  zc^,  or  by  the  stsfacc  slope.  The  effect  of 
dry  yean  can  then  be  disregarded,  unless  the  draught  tcowt  the  wells  is  very 
nearly  equal  to  the  calculated  supply  ;  since,  a  general  fall  of  say  4,  to  6  feet 
over  the  whole  area,  will  amply  tide  over  even  a  long  term  of  dry  years. 

The  usual  installatian,  in  such  cases,  consists  of  a  line  of  wrib  perpendicular 
to  the  ascertained  direction  of  ground  water  flow.  The  individual  yiehb  (after 
allowing  for  interference),  can  be  calculated  by  equations  of  the  fonn  given  for 
a  system  of  three  wells  ;  but,  in  actual  practice,  the  grcK  yield  is  very  dose  to 
that  of  a  catchment  gallery  of  a  length  eqtial  to  L+2R1,  <d>ere  I.,  is  the  Ics^A 
of  the  hne  of  wells. 

For  calculations  of  the  permanent  yield,  it  would  appear  safe  to  take  the 
velocity  as  given  by  the  natural  slope  of  the  ground  water,  and  an  area  Clival  , 
to  {L-f-aR,)xHi,  where  Hi,  is  either  the  depth  of  the  imperiBcaUe  stratm 
below  subsoil  water  level,  or  i'25  x  depth  of  well  curb  bdow  the  same  level, 
whichever  is  least.  It  will  also  be  wise  to  allow  for  possible  exieasioBS  of  tfae 
line. 

If  the  general  equations  are  considered,  it  will  be  evident  that  the  major 
portion  of  the  pumping  head  H— A,  is  lost  in  the  soil  close  to  Ae  wett.  Thos, 
if  the  finer  grains  could  be  removed  from  this  portion  of  the  smi  so  as  to  increase 
K,  near  the  well,  the  pumping  head  for  the  same  yield  would  be  diminished, 
and  failure  by  blowing  would  be  less  likely  to  occur.  The  principle  has  been 
appKed  in  several  ways.  The  well  is  surrounded  by  a  reversed  filter,  of  graded 
material,  or  the  bottom  of  the  weB  is  covered  with  a  simitai  revenad  filter. 
Tfae  most  practical  oMthod  appears  to  be  that  produced  by  "  weU  pings." 
These  are  orifices  ctnrercd  with  fine  nuritcd  gauM,  farmed  in  the  sides  of  the 
veU.    When  the  well  is  first  set  to  work,  steam  under  pressure  is  turned  thnM(^ 
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these  atificeg,  and  is  aHowwI  to  escape  oMside  the  well.  The  fioer  particles  of 
Ae  soil  dose  to  the  orifices  are  thas  blown  away,  and  a  leversed  filter  is 
obtained.  In  practice,  the  finer  particles  are  sooner  or  later  carried  towards 
the  game  by  the  flow  of  water,  and  clogging  occurs.  The  steam  blowing 
process  is  then  repeated.  The  method  is  practical,  and  shoatd  be  adopted  in 
an  cases  where  failure  by  sand  blowing  is  apprehended,  or  where  the  calcu- 
lated permanent  yield  can  only  be  obtained  under  a  large  pumping  bead. 

The  system  described  above  is  that  most  usually  adopted,  bat  it  is  useless 
in  fine  sands.  The  only  system  that  is  really  uaeful  under  such  cimdititms 
consists  of  a  circular  removable  gaote  cyHnder,  fixed  on-  a  frame  inside  dte 
w^  which  is  in  conmunication  with  a  ping  screwed  into  the  weH  lining.  The 
(^^Mratus  AcAes  mot«  rapidly  in  fine  sand  than  the  umal  writ  plug  does  in 
coarse  sand,  but  it  is  arranged  so  as  to  be  systematicaity  and  frequently  blown 
fiee  by  pressure  water  taken  from  the  main  pumps. 

The  values  of  K,  corresponding  to  the  effective  sizes  indicated  by  the 
fbltowing  sieves,  are  given  below ; 


Number  of  Hesbes  per 
Linear  Inch.    ^ 

K  in  Feet  per  Day. 

Eifn^ve  size  in  Mm. 

6 

50000 

3-9 

8 

32000 

lO 

13500 

204 

19 

J0500 

i"5» 

i6 

5800 

20 

3000 

0-96 

24 

2500 

30 

1650 

0-70 

40 

700 

046 

50 

500 

o'39 

55 

430 

60 

333 

0-32 

70 

T90 

0-24 

80 

160 

0'32 

90 

130 

o-ao 

105 

0-18 

t«> 

So 

0-155 

140 

60 

0*135 

150 

55 

200 

40 

The  velocity  through  the  pores  of  the  sand  may  be  taken  as  aboot 
3K  slape,  but  (he  fkctor  may  vary  fimm  37  to  2-2,  or  even  a  Uttte  less. 

M0tK  Wells — The  g^nciptes  involved  in  this  type  of  well  ate  dhistrsted  in 
Sketch  No.  63.  The  well  is  sunk  in  sftnd  down  to  the  snr&ce  of  a  lenticalar  mass 
of  clay,  or  other  hard  material  lying  in  the  sand.  The  upper  smfrice  of thismass 
of  dxj  moK  be  below  the  subsoil  watn  level,  and  the  clay  bed  must  be  limited 
in  CKtent,  so  that  the  two  beds  «f  saad  above  and  below  it  are,  hydraidically 
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considered,  identical.  The  clay  bed  is  Uien  pierced  by  a  pipe  which  is  not 
extended  below  the  lower  surface  of  the  bed.  On  pttmping  f^om  the  well  all 
leakages  into  the  well  from  the  upper  bed  are  carefully  stopped.  If  the  process 
is  successful  a  small  void  space  is  formed  below  the  clay  by  removing  the  sand, 
and  [hereafter  dear  water  enters  through  the  pipe  under  a  head  equal  to  H^ 
the  difference  in  the  levels  between  the  water  inside  and  outside  the  well,  less 
any  friciional  resistance  to  flow  in  the  sand  round  the  edge  of  the  clay  bed.  In 
practice  the  last  term  is  negligible.  The  process  evidently  amounts  to  the 
prevention  of  blowing  of  the  sand,  and  thus  the  well  can  be  worked  under  a  far 
greater  head  than  would  otherwise  be  permissible. 

The  method  is  well  known  to  Indian  villagers,  and  roughly  speaking  a  mota 
well  (Urdoo,  muri^^clay)  is  considered  to  yield  three  times  the  quantity  usually 
obtiuned  from  a  non-moia  well  of  the  same  dimensions.  Also  such  wells  are 
found  to  fail  less  rapidly  when  (due  say  to  deficiency  in  rain)  the  subsoil  water 
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level  falls  below  its  usaal  height.  The  circumstances  are  obviously  somewhat 
peculiar,  and  the  discovery  of  the  clay  beds  is  a  difficult  matter. 

So  far  as  I  am  aware,  the  greatest  recorded  yield  of  such  a  well  is  approxim- 
ately i'5  cusec  This  I  obtained  at  Amritsar.  As  a  rule,  however,  yields  exceed- 
ing o*;  cusec  are  rare,  and  the  average  of  some  forty  carefully  constructed  wells 
was  o'3  cusec 

The  liability  to  failure  by  fracture  of  the  clay  bed  under  excessive  pumping 
is  obvious,  but  distribution  of  the  pressure  by  steel  beams  inserted  in  the  clay 
and  built  into  the  well  will  frequently  prevent  this. 

My  own  recommendation  was  to  sink  all  welts  down  to  the  clay  bed,  if  sutA 
exist  at  a  reasonable  depth,  and  then  pnt  in  the  pipe  with  a  valve ;  but  I  do 
not  advocate  working  the  well  exclusively  as  a  mota  well  unless  forced  to  do 
so  owing  to  deficiency  in  supply. 

The  method  forms  a  very  useful  standby,  and  wherever  day  beds  are  met 
irith  the  possibility  of  its  adoption  should  be  investigated. 
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Aktesian  Wills. — Sketch  No.  64  shows  the  ordinary  basia  theory  of  an 
artesian  well.  The  conditions  are  founded  cm  theory  only,  and  probably  but 
raiely  occor.  it  may  also  be  said  that  if  the  permeable  stratiun  was  actually  full 
of  water  which  was  quite  at  rest  until  a  well  was  bored,  this  vraler  would  (through 
^e-Iong  contact  with  the  minerals  of  the  stratum),  be  so  charged  with  salts  as 
to  prove  useless  for  human  or  agricnttuml  consumption.  This  was  actually  the 
case  with  the  non-artesian  waters  pumped  from  the  Severn  tunnel  during  the 
fiist  three  or  four  years  after  its  construction. 

Sketch  No.  6;  shows  what  is  probably  the  true  explanation  of  all,  or  nearly 
all,  artesian  wells.    The  water  in  the  permeable  stratum  is  in  slow  motion  towards 
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Skitch  No.  64.— Theoietkal  Artedu  Basin, 

some  distant  (frequently  submarine)  outlet.    The  friction  head  resisting  this   ' 
motion  being  greater  than  that  opposing  the  movement  through  the  bore  pipe 
of  the  well,  the  water  rises,  and  either  issues  under  its  own  pressure,  or  can  be 
pumped  from  the  well. 

The  arWsian  waters  of  Western  Australia  and  the  Atlantic  coastal  plain  of 
the  Eastern  United  Sutes  are  certainly  of  this  character,  as  are  probably  those 
of  QueenGlaod  and  New  South  Wales  also. 

If  observations  are  taken  of  the  yield  of  an  artesian  well,  and  the  pressure 
of  the  issuing  water  ;  or,  in  the  cases  where  the  water  does  not  rise  to  ground 
level,  the  depression  of  the  water  surfece,  it  will  be  (bund  that  in  either  case  the 
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nipply  is  altnou  directly  proportioBal  to  the  decrea* 
below  the  level  of  the  water  when  at  rest. 

This  fact  permits  ue  to  infer  that  the  water  issatilK  from  a 
supplied  by  percolation  throngb  the  penaeabk  stiatum.  Conseqoently,  any 
idea  that  large  cavities  filled  with  water  ander  preiiure  exist  in  the  subsoil,  and 
are  tapped  by  the  bore,  must  be  abandoned  ;  since,  if  such  existed,  the  supply 
would  be  proportional  to  the  square  root  of  the  decreaBe  in  preasuic 

The  vertical  thickness  of  the  permeable  stratum  can  be  estimated  by  ofasenr- 
in{r  the  lempeidture  of  the  water  issuing  frotn  the  bore.  The  rate  at  «4iich  the 
temperaMre  in  deep  bores  increases  is  Icnown  to  be  fairly  uniform,  and  corre- 
sponds to  an  increase  of  about  i  degree  Fafar.  per  50  to  60  feet  depth.    Bat, 


Skbtch  No.  65.— Fncticftl  Condiliotu  under  which  Artetiao  Weill  occnr. 

since  hot  water  is  lighter  than  cold  water,  the  temperature  of  the  issuing  water 
will  be  very  nearly  equal  to  that  of  the  wannest  water  in  the  permeable  stratmn. 
Thus,  while  the  depth  of  the  well  is  approximately  equal  to  die  depth  vi  dK 
top  of  the  permeable  stratum,  the  teinperuure  of  the  issuing  water  concspoads 
more  closely  to  the  temperature  prevailing  at  the  bottom  tA  the  stiadKn. 

For  example,  the  Queensland  artesian  waters  are  umally  (see  WiUians, 
P.I.C.E.,  vol.  IS9,  p.  319)  some  32  degrees  Fahr.  (at  shallow  depths),  la 
47  degrees  Fahr.  (at  greater  depths),  hotter  than  is  explained  by  the  depth  of 
the  bore.  The  vertical  thickness  of  the  permeable  strata  may  thereftve  be 
taken  as  averaging  from  1760  (=55x31)  to  2585  feet,  (-55x47);  the  umal 
temperature  gradient  in  borings  being  about  i  degree  Fahr.  per  SS  feet  iacmuc 
Id  depth. 
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.Tbc  ^Id  of  an  artesian  well  cannot  in  any  way  be  predicted.  The  average 
ofSos  Queensland  botes  in  1901  is  given  as  444iOao  imperial  galloQs  per  day, 
[say  533,000  U.S.  gal.,  or  oSi  cusec),  but  some  go  as  high  as  1 1  cusecs,  while 
dry  bores  are  not  inficquent. 

So  also,  it  is  at  present  impossible  to  estimate  the  ultimate  yield  of  an 
artesian  basin.  No  doubt,  if  a  survey  of  the  outcrop  of  the  penneable  stratum 
were  made,  we  could  estimate  the  supply  by  percolation  as  a  fraction  of  the 
rain-&ll  on  the  outcrop  area  ;  but  this  does  not  take  into  account  sncti  ittatten 
as  extra  supplies  due  to  leakage  from  rivers,  or  water-bearing  sur&ce  deposits 
idiich  cross  the  outcrop,  or  losses  due  to  portions  of  the  outcrop  being  covered 
with  day,  pi  other  impermeable  cappings. 

As  an  example  of  the  difficulties  found  in  such  problems,  David  {Artesian 
Water  in  N.  S.  H'a&j),  estimates  that  the  aett  area  of  the  New  South  Wajes 
outcrops  is  about  44  square  miles,  and  op  this  assumption,  he  finds  that  the 
minininm  total  yield  of  artesian  water  is  about  ^b  cusecs.  Allowing  for  leakage 
from  water-bearing  grawla  which  cross  these  outcrops,  he  finds  a  possible  yield 
at  the  rale  of  3800  cusecs ;  and  finally,  by  considering  leakage  firom  the  Darling 
River,  yields  up-to  44,000  cusecs,  are  obtained.  The  last  two  figures  are  probably 
ucessi.ve,  while  the  first  is  some  10  per  cent,  below  the  actual  yield  at  the  date 
of  Professor  David's  paper. 

Ii  may,  however,  be  stated  that  there  are  indications  that  the  artesian  wells 
IB  Algeria,  aa  a  whole,  are  now  discharging  less  than  in  1900.  The  artesian 
water  level  under  the  City  of  London  has  (subject  to  slight  fluctuations  due  to 
uusually  wet  or  dry  years)  also  been  falling  at  a  rate  varying  from  18  inches 
Id  3  feet  per  annum,  for  at  least  ten  years  past 

I  am  Inclined  to  believe  that  the  deficiencies  in  supply  which  occasionally 
occur  in  artesian  wells  are  due  either  to  faults  in  the  casing  of  the  well ;  or, 
where  the  su^^ly  is  pemianently  and  markedly  less  thau  that  given  by  neigh- 
bonrmg  wella  siink  to  the  same  stratum,  that  local  variations  in  the  perme- 
■tNlity'Of  the  stratum  are  probably  the  cause. 

The  quality  of  the  water  yielded  by  artesian  wells  is  usually  good.  Organic 
pcdlotion  (except  where  the  casing  is  leaky)  may  be  disregarded.  As  already 
■tated,  the  water  may  be  mineralised,  yet  cases  where  the  amount  of  salts  con- 
tained is  so  excessive  as  to  render  the  water  useless  are  rare. 

Deep  artesian  wells  must  be  regarded  as  sources  of  water  for  human  con- 
sumption only,  being  far  too  costly  to  yield  an  adequate  financial  return  when 
the  water  is  employed  for  irrigation  purposes.  Shallow  artesian  wells  are 
occasionally  used  to  irrigate  valuable  crops,  but  the  conditions  giving  rise  to 
such  wells  (say  less  than  loa  feet  deep)  are  rare,  and  the  area  enjoying  such 
favourable  circumstances  is  generally  small  (see  p.  350), 

As  typical  figures  likely  to  occur  in  calculations  regarding  artesian  wells, 
let  us  consider  the  map  given  by  Williams  {ut  st^ra). 

The  lines  of  equal  pressure  in  the  artesian  bores  of  Wester  Queensland 
are,  on  the  average,  spaced  about  30  miles  apart,  per  100  feet  fall  in 
pressure. 

Taking  the  unfiivouiable  assumption  that  the  effective  siie  of  the  grains 
of  the  permeable  bed  is  equivalent  to  a  70  jnesh  sieve  (i>.  fine  sand),  we 
find  a  velocity  coeflBcient  of  189  at  ordinary  temperature,  or,  approximately 
400  at  a  temperature  of  133  degrees  Fahr.,  which  is  roughly  that  of  the 
artesian  water. 
iS 
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The  velocity  of  flow  (in  a  solid  c(4umn  with  an  area  equal  to  tfaM  rf  the 
cross-section  of  the  bed),  is  therefore  : 
400x100, 
[60,000 


-  feet  per  day=3  inches  per  day. 


and  taking  ihc  thickness  of  the  bed  as  3000  feet,  we  find  that  eadi  looofcei 
horiioittd  width  of  bed  carries ,  or  jo^ooo  cube  feet  per  day. 

The  length  over  which  flow  occors  ia  about  700  tntles,  or  the  total  anilablc 
quantity  is  probably  between  150  and  200  million  cube  feet  daily.  The  yieH 
of  the  existing  wells  appears  to  be  about  j<3  million  cube  feet  per  day. 

If  we  endeavour  to  apply  similar  calculations  to  the  yield  t^ihdfvHlaal  wells, 
it  will  be  plain  that  either  very  great  differences  in  pressure  inost  einsi  chne 
to  the  bore  tube,  in  order  to  force  the  water  througb  tbe  stratum  ;  or,  thai  aH 
the  finer  grains  of  sand  are'swept  out  by  the  first  rushof  water,  and  ttattlie 
flow  in  the  last  100  to  200  (eei  near  the  bottom  of  the  bore  tube  is  tfanNtgfh 
well  defined  channels,  rather  than  of  a  capillary  nature.  The  retnaikabk 
variability  of  the  yield  of  individual  artesian  wetis  ia  consequently  doI 
surprising,  and  welts  yielding  quantilies  such  as  3,  or  4  cusecs,  are  only  likely 
to  occur  when  the  strata  are  coarse-grained,  taking  the  form  of  beds  of  bige 
gravel,  or  greatly  fissured  rock. 

The  principles  of  geology  can,  however,  be  applied  to  indicate  ceitaia 
general  taws  concerning  artesian  wells. 

The  permeable  stratum  represents  the  msains  of  ^ncient  mariie  or 
alluvial  deposits,  and,  even  if  the  ancient  coast  tme  has  been  entirely  removed, 
Uie  materials  fonnd  near  the  edges  of  the  existing  stratum  are  ^rob^y  the 
remains  of  beds  which  wetr  laid  down  near  the  shores,  aad  the  eentfe  of  tbe 
existing  stratum  represents  beds  laid  down  in  deeper  water.  Tbus,  the  be* 
at  the  edges  may  be  composed  of  all  materials  ranging  from  large  bouldersio 
fine  clay  (laid  down  by  an  ancient  river)  ;  but,  as  a  general  rule,  they  will  be 
fat  coarser  and  n)oiT  variable  than  the  central  beds,  which  wiU  almost 
certunly  prove  to  be  entirely  composed  of  fine  sand  (day  beds  in  the  ctMre 
may  'be  considered  as  unlikely  to  occur,  since  the  slratam  aa  a  wh«(t  ii 
assumed  to  be  permeable). 

Applying  these  principles  to  predict  the  yield  of  ivens,  we  see  that : 

Dry  wells  (representing  local  clay  beds),  and  wells  yielding  very  hrf/t 
quantities  of  water  (representing  local  beds  of  coarse  gravel)  will  geneially  be 
found  to  occtnr  near  the  edges  of  the  artesian  basin. 

Near  the  centre  of  the  basin,  dry  wdls,  or  very  large  yields,  are  Bi^bely  to 
occur ;  but,  on  th^  average,  the  yield  of  wells  will  be  less  than  the  average 
yield  of  weTls  sunk  near  the  edges. 

In  view  of  the  great  cost  of  an  artesian  bore,  tbe  &ct  that  anemai  weH) 
arc  usually  deep  (/..r.  sunk  near  the  centre  of  the  basis)  is  not  sarptitiog. 
An  investment  of  ^3000  or  ^4000  (which  »  fairly  cenajn  to  yield  soow 
water)  is  more  readily  undertaken  than  one  of  ^£300  or  ;£40o,  which  mST 
either  yield  no  water,  or  a  far  greater  quantity  than  is  required. 

Similarly,  the  services  of  an  expert  geologist  are  in  reality  most  neceasaiy 
when  shallow  wells  are  proposed. 
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CHAPTER  VI.-^Section  B) 
FLOODS 

Floodlk — RelfUkin  beM«eD  the  intennir.  oi  nfn-UI  and  tbe  tiiM  i^iriiig  tvhich  tba  lun- 
fiUl  coDtiDDes — Obserrationi  required — Bniyn-Kopa'  raluei — CoDaeclioa  btcwaan 
mtcositjr  of  a  Qood  and  the  abgolute  sue  of  the  aiea.  which  pioduces  it — Critical 
period — Reltttioc  between  intensiiy  and  time — General  rule*. 

Flood  DischarEe  of  ft  Streani  or  Catchment  Area.— General  principlea — Special 
Tulci — Esdmation  of  critical  period — Ratio  <rf  run-off  torain-Ul— -Shortier  fbimBke— 
Emnpln. 

Flood  DiMhaq^e  In  a  RMerroIr.—Gonld'i  table— Giamplet. ' 

DssMH  OP  Waote  WaiKS, — Old  and  new  values  of  coe&nenti  of  diicharse. 


TA*  RtlatioM  betwetn  the  Intensity  of  Rain-fall  and  tht  Time  during  -which 
iht  Rain-fall  continues. — Before  any  logical  treatment  of  the  qtiestions  coDcem- 
ing  flood  discharge,  and  the  drainage  of  small  areas  can  be  undertaken,  it  is 
necessary  to  consider  the  relation  between  the  possible  intensity  of  a  rain-stonn 
and  the  time  between  the  beginning  and  end  of  the  storm. 

Consider  any  interval  of  /,  minutes,  during  a  fall  of  rain  (where  no 
assumption  that  the  rain  begins  or  ends  simultaneously  with  the  period  /,  is 

made).  During  these  t,  minutes  let  R=z^  inches  of  rain  be  collected  in  a 
nin-gauge  at  the  point  considered.  Then  1,  is  called  the  hourly  intensity  of 
the  rain-fall  during  the  period  of  /,  minutes,  and  R,  is  the  total  rain-fall 
dnrmg  tbe  same  period. 

The  present  section  is  devoted  to  a  Consideration  of  R,  and  I,  as  fimctions 
of  t.  The  values  of  R,  and  I,  can  only  be  obtained  by  a  systematic  study  of  a 
long  period  record  of  an  automatic  recording  rain-gauge.  It  will  be  obvious 
that  Rf  and  I,  are  extremdy  variable,  but  when  a'  long  period  record  is 
stattied,  it  is  possible  to  lay  down  certain  values  of  R,  or  I,  which  will  not  be 
exceeded  more  than  say  once  in  lo  years,  twice  in  lo  years,  etc.,  down  to  onc£ 
a  year,  twice  a  year,  etc 

In  this  sense,  and  in  this  sense  only,  can  we  consider  R,  or  I,  as 
functions  of  /. 

Thus,  de  Bmyn>Kops  (TVitfU.  Am.  Sec.  of  Cf.,  vOt.  60,  p.  348),  from 
studies  of  a  17-year  record  at  Savannah  (Georgia)  (see  Sketch  No.  66,  Fig.  II.) 
where  tbe  mean  annual  rain-fell  is  about  50  indtes,  found  that ; 

Maxima  records  of  the  1 7  Tean.       .       .       .    1-;^  '"**" 
'  /+30  per  hour 

.        .1  =  -^ 

^-f-37 


Occur  on<»  every  two  years 

Occur  once  a  year I  ■ 


/+27        " 
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Occur  twice  a  year 


Occur  5  times  a  year . 


'+■7 
"7+7? 


The  examples  are  typical,  as  may  be  verified  by  a  Btudj'  of  meteorological 
loumals,  and  the  fact  that  1,  increuci  m  t,  decreases  is  the  really  impottant 
part  of  tbe  investigation. 

The  importance  of  the  investigatim  must  now  be  ehiddated,  befbrt  pro- 
ceeding further. 

Consider  an  asf^alted  area  i^^.  a  practically  *ater-ti;ht  area),  A,  acres  in 
^tent,  and  of  such  a  configuration  diat  the  rain-water  fallin;  at  the  bonDdaries 


I- 

^■' 

—•m     ,«wf^'^ 

, 

y      -^ 

— «sf  ^  L^^ 

J  / 

^^"^  ■■■ 

'U 

^■^,^^" 

Ia^      •  **  •**< 

WlTi    dmm 

1/^- 

7a>       :                kT     .      .'. 

t  ■  ._J 

Mm« 

Sketch  No.  66.— .RdatioDAhetweea'nnieand  Total  Rain-bll,  io  Ipdiesiia  Kflud, 

accoTding  to  Mill;  and  at  Savaiuuh'fGa.'),  acconling  tode  Bniyn-Kopt.    ' 

of  the  area  arriy^  at  ^he  drain  grating  5  iptTiutes  ^f^r  it  reaches  f^e.gtouad. 
Then,  according  to  de  Bruyn-Kops'  curves,  the  drain  must  be  capable  of 
disposing  of  ]^e  water  %t  a  rate  conespofiding  to  «  discharg*  of 

cusecs.  Dtfaer^te,  once  at  least  in  17  years,  rain  water  would  Cteinpot^Iy  at 
any  rate)  accum^atp  on  the  area, ^nd  flooding  mighx  occgr.:  [^  tow^er.an 
equal  area,  but  of  diffe];ent  configuration,  suct^  that  the  r^io  water  fajliqg.  on  tbe 
boundaries*  took  30  minutes  to  arrive  at  the  drain,  be  considered,  the  c^iaciiy 
of  the  drain  neirf  only  be  A-^  ='3'igACusets.    (Atfe.-^i  inch  of  rah  per  hoot 

nmningolTin  I  hauri^i'oT'cusecper.apFe— I4;usecpei^cre,  Appr^i^tdy). 
The  practical  objections  to  the  theory  are.-v.;  -      .\j-!-~i  ::'\  ■ .  ■' 

The  time  /,  of  arrival  at  the  draini -depths  catjie  gua^ity-o^.mt^i;  ^lieady 

on  the  area,  the  size  of  the  channels,  etc. 

In  the  case  actually  considered,  if  the  draitf  connected  with  ^  iSrst  area 

could  only  dischai^e  3'i9A  cusecs,  the  flooding  at  the  end  of  the  first  5  mmui«s 


would  a 


n  average  depth  of 


S-47-r'9„ 


p'19  inch  over  the  w 
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area,  and  would  be  reduced  to  nething  35  minutes  later,  which  is  not  a  very 
important  matter. 

The  practical  principle,  however,  that  the  maximum  discharge  per  acre,  or 
per  square  mile,  of  any  area,  whether  permeable  or  impeimeable,  increases  as 
the  time  decreases  is  tindoubtedly  true,  and  the  method  of  considering  the 
intensity  of  rain-fall  as  a  function  of  the  time  is  the  most  logical  process  of 
arriving  at  the  rate  of  increase. 

Let  us  therefore  assume  that  /,  is  not  necessarily  the  time  water  falling  as 
rain  tajtes  to  arrive  at  the  entry  to  the  drain,  or  the  locality  where  the  flood  is 
measured,  but  that  /,  in  some  way  depends  on  this  time,  and  let  us  call  t,  as 
thus  approximately  defined,  the  critical  period. 

\ift  be  the  fraction  of  the  rain-fall  that  is  actually  discharged  (Le.  /=Voa, 
for  a  water-tight  area,  such  as  an  asphalt,  slate,  or  cement  surface,  and  f, 
decreases  down  to  say  o'ld,  for  a  sandy  siir&ce)  then  the  average  discharge 
from  an  area  of  A,  acres  during  the  time  is  ; 

Q  =■  '(/A  cusecs 
ot,<i—  Ij/M  X  640  cusecs,  if  M,  be  the  area  in  square  miles. 

If  we  select  Ic,  f^m  the  maximum  recorded  curve,  it  is  plain  that  Q,  will 
lepreseat  the  maximum  6aod  during  the  period  of  the  record,  while  if  Ii,  is 
selected  from  the  curve  of  rain-fall  intensity  which  occurs  twice  a  year,  a  dis- 
charge equal  to,  or  exceeding,  Q,  cusecs  may  be  expected  twice  every  year. 

In'  practice,  /,  is  usually' estunated  by  ilalculhting  the  velocity  of  the  water 
in  the  stream,  or  discharge  channels,  when  these  are  carrying  half-  or  three- 
qnarters  of  tbe  tjuantity  represented  by  Q,  and,  as  a  rule,  the  information  being 
deficient,  /,  is  merely  estimated  by  some  such  rule  as : 

Maximum  dimension  of  the  area  in  feet 


/-- 


corresponding  to  a  mean  water  velocity  of  3,  to  5  feet  per  second. 

Returning  to  the  relation  between  I,  and  t,  the  following  information  is 
available : 

Syinons  {BHtitk  Rain-fdtl,  1K92)  gives,  for  Great  Britain  in  general : 
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Mill  {BriHsh  Rain-fatl,  1908),  using  fiJrther  inf<>niiatian,  nateft<5ketclk  No. 

66,  Fig.  I.)- 
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Thirty-three  cases  of  falls  exceeding  the  "Very  rare  "  ctirvc  are  on  retort 
in  the  49  years  of  observations  discussed  by  Mill.    The  absolate  mixtma  ate : 
/  =    .         .        5  15  30  45  60  minutes 

R=  .        .     125         1-46  2-90        3'4a(?)     3'63  inches 

For  longer  periods,  we  find  : 

\\  hours      2  hours      3  hours      5  hours      9  hours 
R=     3-75  4-80  6'70  6"so     4  Qo  inches 

A  comparison  of  the  two  sets  of  figures  indicates  that  the  short  period  (;  to 
30  minutes)  records  are  likely  to  be  increased,  as  autographic  rain-fall  recorders 
become  more  common. 

The  very  rare  curve  is  fairly  represented  by       .        .'    I  =  ir^  — . i.«. 

and  the  remarkable  curve  by         .        .  .     1  =  jtiz,         h 

and  the  too  numerous  curve  by     .  .        .     I  =  77^         .. 

Lloyd  Davies'  observations  at  Birmingham,  which 
extend  over  four  years  {PJ.C.E.,  vol.  174,  p.  4S), 
accord  very  fwrly  with  ...... 

In  Berlin  the  fcdiowiag  is  stated  to  occur  once  a  year    I  —  ^xTo 

Talbot  gives  for  the  Eaatem  United  States  : 

Maximum  authentic I  —  A — 

»+30 

Probable  maximum I  =  FT^ 

At  Baltimore  the  maxima  are        .        .        ■        .     I  =  r^^ 
For  ordinary  falls  in  the  Eastern  United  SUtes  ; 

Talbot  gives 1=  -r^, 

Dorr  gives     .        .  .  '     .        .        .        .    I  -  -|^ 


i+30 


Kutcbling  gives 


^+20 

And  other  record*  agree  foirly  well  with  '  "Tmo         " 

The  above  figures  are  tyincal  of  the  general  conditions  prevailing  in  Temper- 
ate climates,  and  while  mdividual  observations  may  be  better  represented  b; 
such.£lirves  as : 

'-/I.W Sherman's  maxima, 

andl*  -  Gregory's "  winter  storms," 

and  to  forth,  the  curve  1  -TirZi  '*  "«^''  ™^  ^^  "'TO'ig. 


-/+3o" 


Digilzeo  by  Google 


INTENSITY  OF  RAINFALL  a79 

For  the  Tropics  the  only  ^stematic  iofonnuioii  is  obtained  from  lecordc 
extending  over  4  years,  at  Manilla  (Philippines),  as  follows  : 

Ordinary,  1 1  ~-        Maxioia,  I  =  j^i     .        -    inches  per  hour. 

The  following  deductions  rest  mainly  on  records  obtained  in  Temperate 
zones,  but  are  believed  not  to  be  contradicted  by  the  uosystematic,  and  as 
yet  uncoUated,  information  existing  in  the  records  of  the  Indian  Meteorologist's 
Office. 

In  the  first  [rface,  if  the  ordinary  curve  obtained  from  records  of  3,  or  4  years 
be  represented  by ; 

I  —  ■ inches  per  hour 

/+30 

then  the  maximum  curve  obtained  by  long  observation,  and  the  isolated  records 
made  by  engineers  and  other  observers,  will  probably  not  be  very  far  removed 

I  -  -4^  10  ^^ inches  per  hotu 

/+30      /+30  "^ 

where  both  curves  refer  to  an  area  over  which  the  climate  does  not  vary 
markedly. 

The  value  of  the  constant  A,  is  not  very  far  removed  from  3;  times 
the  maximum  fall  of  t  day  that  occurs  in  a  20  years'  record  for  one  locality, 
not  (carefully  note)  of  the  maxtmnm  day^  rain-fell  on  record  in  such  offices  as 
those  of  the  United  States  Weather  Service,  or  of  the  Indian  meteorologist. 
This  indicates  that,  in  a  iong  period  of  time,  the  quantity  of  rain  that  occurs  in 
I  day  once  in  15  or  20  years  may  be  expected  to  occur  in  about  \\  hours. 

It  is  believed  that  these  rales  will  permit  an  engineer  to  predict  the  values 
of  li,  required  for  estimating  maxima  flood  discharges  (r'.e.  I,=the  maximum 
intensity  recorded  over  a  long  period),  and  the  drainage  capacity  necessary 
to  prevent  detrimental  flooding  {i.e.  \,  =  the  intensity  which  occurs  once  in 
4  years,  say). 

These  rules -probably  hold  up  to  : 

/aioo  to  a;o  minutes,  or  3  to  4  hours. 

For  areas  in  which  the  critical  period  is  greater  than  3,  or  4  hours,  no 
general  law  can  be  given.  I  have  usually  been  accustomed  to  collect  the 
records  of  a  large  number  of  stations  (say  50)  adjacent  to  the  locality 
comidcred,  and  assume  that : 

R,  SI  ^  ai  the  maximum  day's  rain-fall  occurring  in  the  records 

br  all  values  of  /,  up  to  1440  minutes  or  24  hours.  This  is  probably  an  under- 
estimation of  the  true  state  of  affairs. 

While  the  maxima  intensities  for  short  periods  are  probably  produced  by 
thunder-storms  of  small  area,  the  maxima  intensities  for  such  periods  as 
6,  II,  or  24  hours,  usually  occur  during  long-continued  winter  (speaking  of 
Temperate  climates)  downpours  covering  a  large  area.  The  fact  that  floodings 
of  streets  and  railway  cuttings  usually  occur  in  the  summer,  while  floods 
covering  10  square  miles  or  more  usually  occur  in  the  winter  or  spring,  is  welA 
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known  to  engineers.    Thus,  it  is  probable  that  the  maxitna  flood  discharges 
are  best  estimated  by  putting ; 

R,=^l(= maximum  day's  record,  obtained  from  say  Jo  staiioDs,  and 
observations  extending  over  20  years,  for  /=6oo  to  taoo  minutes. 
R,»— I,=maximum  a  coosecutive  days'  record,  as  above  defined, 
for  /=  1200  to  Z400  minutes. 

The  value  of  the,  run-off  factor/,  also  needs  consideration.  The  values 
given  on  page  282,  are  fair  means.  They  are  probably  somewhat  high  for 
areas  of  which  the  critical  period  is  i  hour,  or  less  ;  and  may  be  low  for  areas 
with  critical  periods  of  24,  to  48  hours.  The  rules  given  for  Ii,  probably  pro- 
vide for  this. 

Flood  Discbai^  of  a  Stream,  or  Catchment  Area. — The  maximum  discharge 
xif  a  stream  is  one  of  its  most  important  h^raulic  propeHies,  ^nce  the  requisite 
provisioD  for  weirs,  spillways,  bridges,  ere,  entirely  depends  upon  this  discharge. 

Also,  while  an  erroneous  estimate  of  the  low-water  dischai^e  may  possibly 
lead  to  inconvenience,  an  underestimate    of  flood  discharge  may  lead  to 
disaster  and  loss  of  life. 
,    The  maxinmm  discharge  of  a  stream  depends  on  ; 

(i)  The  duration  and  intensity  of  rain-fall,  and  area  over  which  it  occurs. 
Also  whether  the  storm  producing  the  raiu-fall  moves  with,  or  .gainst  the 
general  direction  of  the  stream, 

(ii)  The  stor^e,  both  natural  (including  absorbent  strata)  and  artificial,  in 
the  catchment  area. 

(iii)  The  size  of  the  catchment  area,  relative  to  the  area  covered  by  storms 
producing  in  tense  precipitation, 

(iv)  The  genera]  topography  of  the  catchment  area,  such  as  its  sk>pe^  and 
shape,  character  of  surface,  whether  forested,  cultivated,  or  impervious. 

It  should  be  particularly  noted  that  the. combination  of  steep  slopes  of 
tributaries,  with  a  flat  slope  of  the  main  stream,  is  very  favourable  to  intense 

Since  large  floods  rarely  occur  more  frequeintly  than  once  in  40  yeais, 
actual  observation  is  plainly  impossible.  The  water  levels  of  former  high 
floods  are  often  remembered,  and,  if  reliable,  the  discharge  which  should  be 
provided  for  may  be  estimated  from  them. 

It  must  be  borne  in  mind  that  local  report  is  often  absoliilely  untrustworthy, 
and  invariably  needs  checking  by  connectihg  up  the  various  spots  pointed  out 
by  actual  levelling.  Also,  assuming  that  the  cross- section  and  surface  slope 
for  the  record  flood  have  been  accurately  determined,  even  by  reliable 
observers,  the  selection  of  the  correct  discharge  formula  is  frequently  a  difficult 
matter,  and  in  some  cases  (possibly  owing  to  the  flow  being  turbulent,  or  the 
bed  in  motion)  an  application  of  any  usual  formula  to  well-ascertained  flood 
levels  and  cros9- sections  leads  to  absolutely  absurd  results. 

For  example,  take  the  case  shown  in  Sketch  No.  30,  which  is  by  no  means 
an  unusual  one.  It  will  be  found  that  a  rise  of  the  river  from  level  AB,  to 
level  CD,  gives,  upon  calculation,  a  decreased  discharge,  owing  to  the  reduc- 
tion in  hydraulic  mean  radius,  due  to  the  extra  wetted  perimeter  BC,  DA. 

The  rnore  correct  method  of  separately  estimating  the  discharge  in  the 
flood  channel  and  flats,  is  fairly  obvious,  but  such  a  fact  does  not  tend  to 
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increase  our  confidence  in  these  calculadont,  And  it  ii  by  no  ineans  an 
insignificam  fact  that  the  two  records  of  the  most  intense  floods  Icnown  10  me, 
which  are  anything  more  than  rough  estimates,  were  both  arrived  at  by  this 
method.  For  example,  in  the  flood  at  Devil's  Creek,  Iowa,  1300  casecs  per 
square  mile  occurred,  (see  Floods  in  Uniied  States  in  190^),  and  in  the 
Oberlausitz  (Saxony)  records  of  1015,  and  1160  cusecs  per  square  mile  are 
reported  in  the  Deutsche  Bauzeitung  for  18S8,  p.  364. 

It  is  not  intended  to  impugn  the  general  accuracy  of  these  records,  since 
well  observed  floods  occurring  in  certain  Japanese  rivers  are  known  to  have 
attained  a  magnitude  of  similar  order  (760,  88;,  980,  etc.,  cusecs  per  square 
mile),  and  it  is  believed  that  these  are  not  absolute  maxima,  since  higher 
flood  levels  are  on  record,  but  the  figures  referred  to  above  are  probably 
subject  to  at  least  20  per  cent  of  error. 

As  a  check,  therefore,  on  such  methods,  and  for  application  in  cases  where 
no  reliable  flood  observations  can  be  secured,  it  is  useful  to  possess  simple 
fmnula:  for  flood  discharges. 

For  preliminary  discussions,  the  most  practical  type  is  : 
Q.C>c(m.)- 
where  Q,  is  the  total  maximum  discharge  in  cusecs. 

Here,  as  a  rule,  we  may  say  that  C,  represents  the  combined  effect  (tf  the 
intensity  of  rain-fall,  and  the  character  of  the  surface  of  the  catchment  area ; 
while  ft,  which  is  less  than  unity,  seems  to  depend  more  on  the  slope  both  of 
the  stream  and  its  catchment  area,  than  on  the  other  factors. 

As  example  we  may  contrast  Tanning's  formula  for  New  England : 
Q  >=  aooM'-w 
where  M  is  the  catchment  area  in  square  miles  ;  with  Cooley's  formula  for  the 
Upper  Mississippi  valley,  where  tbeslopes  are  flatter,  and  the  rain-fall  less  : 

Q  =  iSoM*-" 
while,  for  Australia,   Kernot,  by  plotting  cases  of  disasters  to  bridge*  and 
culverts,  found  that : 

Q  =  40WM'''"  approximately 
in  a  country  of  very  intense  rain-falb,  but  by  no  means  steep  slopes. 

Also  Dickens'  fonnula  for  Bengal ; 

Q  =  S35  M»-» 
where  the'  slopes  are  not  steep^ 

For  the  British  Isles,  owing  to  the  large  number  of  old  bridges,  such 
fomiute  aii  not  so  necessary  ;  but  it  may  be  stated  that  the  floods  on  imperr 
vious  catchment  areas  in  the  Peonines  very  closely  follow  the  formula  : 

Q  =  sooM"^" 
while  for  absorbent  flat  areas  the  records  fall  as  low  as  : 
Q  -  iooM»" 
All  these  empirical  formulx  are  merely  approximations,  and,'  unless  of  very 
limited  applicability,  are  usually  approximations  tending  to'overestimate  the 
flood  discharge.    They  form,  however,  a  first  step  towards  the  rational  method 
of  determining  a  flood  discharge,  which  I  now  proceed  to  give. 

U*ing  the  tough  estimate  obtained  as  above,  it  is  fairly  easy  to  calculate, 
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with  ^iproxiinate  accuracy,  the  time  which  rain-water  fallii^  at  the  extmne 
limits  of  the  catchment  area  would  take  to  reach  the  pcunt  wtrne  the  Sood 
discharge  is  required,  wbeo  the  streani  and  other  chuutels  are  carrying  about 
half  the  maximum  discharge  as  above  ascertained- 

We  define  this  time  as  the  "critical  period  "  for  the  catchment  aresi  undei 
consideration. 

Now,  from  the  local  rain-fall  intensity  curves  we  can  estimate  the 
naximiun  intensity  of  rain-fall  possiUc  in  this  critical  period,  and,  hence,  the 
whole  volume  of  water  falling  on  the  catchment  area  during  the  period.  From 
a  knowledge  of  the  character  of  the  catchment  area  we  can  estimate  what 
fraction  of  this  volume  will  flow  off  during  the  period.     We  thus  get : 

If  1,  be  the  inteosily  in  inche*  per  hour,  or  cusecs  per  acre,  of  the  raio 
during  the  critical  period  of  /,  minutes  and  M,  the  area  in  square  miles  of  the 
catchment  area : 

Then  F-=64ox6o  IMi;  is  the  total  number  of  cubic  feet  that  fall  on  the 
catchment  area,  during  the  period  of  /,  minutes  ;  and  if  /  bo  the  fraction  that 
flows  away  during  a  period  <£t  minutes : 

The  flood  discharge  is  : 

Q  =  640/IM  cusecs 

wh«e  plainly/  dependi  mi  the  character  of  the  surtace  of  the  catchment 
area  being: 

025  to  035  for  flat  country,  sandy  soil,  or  cultivated  land, 

o'3S  to  045  for  meadows,  and  gentle  slopes. 

o"4S  to  05s  for  wooded  hills,  and  compact,  or  stony  ground, 

0'5;  to  0*65  for  mountainous,  or  cocky  ground,  or  non-absorbent  (t.g. 
frozen  soil),  surfaces. 

The  values  of  I,  have  already  been  discussed,  and  it  is  plain  that  in  such 
cases  we  must  use  the  "  Very  rare  "  curve,  and  must  allow  some  mai^n  even 
on  this. 

In  this  method  the  estimation  of  t^  the  critical  period,  requires  a  oenain 
amount  of  judgment,  and  it  is  quite  possible  in  some  cases,  by  omitting  the 
contribution  of  an  isolated  and  far  distant  portion  of  the  catchment  area,  to 
obtain  a  far  smaller  value  for  /,  and  therefore  a  greater  value  for  1,  which  may 
produce  an  absolutely  greater  flood,  in  spite  of  the  fact  that  the  flow  imia  a 
portion  of  the  catchment  area  has  been  neglected. 

Such  conditions  are  usually  hinted  at  when  the  intensity  of  flood  obtained 
by  this  method,  as  applied  to  the  whole  catchment  area,  is  markedly  lew  than 
that  given  by  a  locally  approximate  fbnnula,  or  than  that  deduced  1^  a  com- 
parison with  previous  observations. 

So  also,  especially  in  small  areas,  where  the  critical  period  is  a  few  hours 
only,  and  the  maximum  rain-fall  intensity  is  usually  produced  by  thunderstorms ; 
the  course  of  the  river  in  relation  to  the  prevailing  direction  of  rainstorm  morion 
must  be  considered.  Thus,  if  (as  is  generally  the  case  in  England)  the  rain- 
storms move  from  south-west  to  north-east,  a  river  which  flows  from  north-east 
to  south-west  (I'.A  against  the  direction  of  rainstorm  motion)  may  be  expected 
to  have  less  intense  floods  than  an  otherwise  identical  river  which  flows  in  the 
reverse  direction,  and  is  consequently  liable  to  floods  produced  by  the  simul- 
taneoiM  arrival  of  the  flood  wave  from  the  upper  tributaries,  and  the  run-offfrom 
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the  lower  portion  of  the  valley  produced  by  H  ramstorm  which  has  tnvelled 
down  the  river  at  appnndiiMtely  the  same  rate  as  the  flood  wave.  The  motion 
of  the  rainstorm,  in  fact,  has  decreased  the  critical  period. 

Thus,  while  the  general  princi]ries  are  universally  applicable,  each  catthnwot 
area  must  be  treated  independently. 

In  town,  or  agricultural  drainage  systems,  however,  general  Eortnute  are 
frequently  required,  and  since  all  the  minor  catchment  areas  are  of  nearly 
similar  geometrical  form,  it  is  evident  that  /  (and  tbereforo  also  1),  are  to  a 
certain  degree  functions  of  the  mean  slope,  and  the  linear  ^meosions  of  the 
area.  Hence,  the  following  ct^ection  of  fonnuke  is  put  forward  for  use  in 
coanectiu)  with  artificial  drainage  only. 

Pmtiiig  A,  for  the  drainage  area  in  acres,  and  S,  fen  its  moan  slope  in  i«et 
per  looo  feet,  we  have  as  follows : 


Hawlcsley^  rule,  for  London 

•    '^■''•"''Jl 

Modified  Hawksley's  nile,  osed                       \   _ 

in  New  York     . 

.       Q-.^A^I 

BurkU-Zieglcr^  rule  .        . 

•     Q-/'Av1 

with/- 07  to  0-9 

I  =  I  to  3  inches  per  hour 

M'Math^rale    . 

■    "-^'"C/l 

with/.o-itoo-S 

I  -  I  to  275 

New  York  tables 

•  «-/-:/^' 

/I  -  l-os  to  1*62 

Paimley's  rule  , 

•    «-/'Vf 

with/=oto  I 

1-4 

Gi«for,'s  ml*    .        .        . 

•  «-«A^""'Tj;'"" 

Adams'  rvle     .       .       . 

■  «=/-7iI 

when  I  -  1 

/-  r837 

See  Gregory's  paper,  Tratu.  Am.  Sac.  o/C.E.,  vol,  58,  p.  458. 

It  IS  doubtliil  whether  all  the  authors  employ  the  symbols  /  and  1  with 
fwecisely  the  same  meaning  with  wt)ich  I  have  defined  them,  and  in  many 
cases  the  results  are  applied  to  town  areas  where  /  is  probably  eqnal  to  07 
to  cgs-    It  will,  howcTcr,  be  plain  that  some  formula  of  the  type  : 

can  asnaUy  be  anived  at  where  C  depends  on  the  value  off,  and  en  the 
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absolute  magnitude  of  the  rain-fall,  while  the  indices  of  A  and  S,  mostly  depend 
on  the  foim  of  the  rain-fall  intensity  curve  when  expressed  as  a  function  of/. 

It  is,  however,  believed  that  the  extended  and  rational  method  should  be 
applied  to  all  important  cases,  and  that  the  deduction  of  a  compressed  formula 
of  the  type  now  suggested  is  only  legitimate  afler  a  certain  amount  of  experi- 
ence has  been  accumulated.    The  one  important  fact  is  that  the  flood  discbarge 

per  unit  area,  i.t.  V-><"'  m''''^  a  small  area,  is  more  intense  than  that  of  a  larger 

area  of  the  same  mean  slope. 

As  an  example  of  the  erroneous  deductions  regarding  flood  discharges,  that 
may  be  obtained  through  relying  too  exclusively  on  the  results  deduced  ftxHn  a 
survey  of  the  old  structores  existing  on  a  itream,  the  preliminary  studies  of  the 
Kali  Nadi  Aqueduct  {P.I.C.E.,  vol.  95,  p.  2S7)  are  interesting. 

In  this  case,  a  road  bridge,  over  one  hundred  years  old,  crossed  the  stream 
a  little  below  the  proposed  site.  Flood  marks  above  and  below  the  bridge  were 
quite  plain,  and  taking  the  head  thus  indicated  (1*5  foot),  allowing  for  a  velocity 
of  approach  of  i'48  feet  per  second,  and  a  coefficient  of  discharge  of  0-60 
through  the  arches,  a  flood  discharge  of  8436  cusecs  was  obtained. 

The  engineers  concerned  evidently  did  not  place  complete  reliance  on  this 
result,  and  provided  for  more  than  twice  the  quantity.  It  will  be  recognised 
that  the  calculation  is  adequate,  and  even  if  a  coefficient  of  0*90  is  taken  (ny 
own  experience  leads  me  to  believe  that  0*60  may  possibly  be  a  trifle  low,  bat 
no  drawings  of  the  bridge  are  given)  the  value  is  only  12,600  cusecs. 

As  a  matter  of  observation,  however,  the  year  after  tbe  aquedua  was  con- 
structed, a  flood  of  at  least  37,000  cusecs  occurred,  and  it  was  found  that  die 
flood  breached  the  approaches  to  the  bridge,  but  did  not  damage  the  structure. 
The  approaches  of  the  aqueduct  not  affordiug  a  similar  safety  valve,  it  was 
badly  damaged,  a  heading  up  of  3';  feet  occurring. 

Next  year  an  even  larger  flood  occurred,  and  after  the  water  had  headed  np 
9'8  feet  the  aqueduct  ^ches  .ble^r  up,  but  the  old  bridge  was  merely  submerged. 
The  flood  was  estimated  at  132,475  cusecs,  i.e,  about  1 1  times  greater  than  the 
original  bridge  observations  would  indicate,  even  when  treated  in  the  most 
inflated  manner. 

As  a  test  of  the  rational  mectiod  of  estimation  we  may  take  the  following 
figures  :  3,025  square  miles  of  flat  and  sandy  catchment  area,  and  a  rain-&11  erf 
17-6  inches  on  the  i6th  July  1885,  followed  by  3  inches  ob<  the  i7tb.  The 
critical  period  may  be  estimated  as  48  hours,  and  the  run-off'  foctor  as  o'so. 

We  thusget  arunfoff'rateof  say -oXO-ao—o-og  inch  pei-'houi',  «r,  at  the  rate 

of  58  cusecs  per  square  mile,  or  ^y  176,000  cusecs  1  and  the  aqueduct  as  now 
designed  appears  capable  of  passing  about  200,000  cusecs,  and  has  stood 
since  i887- 

Fqm tiring  Effect  produced  by  a  ReMrroir.. — The  above  discussion  permits 
the  volume  of  water  that  reaches  areserVoir  to  be  estimated  with  more  or  less 
accuracy.  It  is  not,  however,  necessary  that  the  waste  weir  should  be  able  to 
pass  oflf  the  flood  as  rapidly  as  it  arrives  at  the  reservoir,  since  the  .rise  of  the 
top  water  level  of  the  reservoir  which  must  occur  before  the  waste  weir  begins 
to  discharge  at  its  maximum  capacity,  temporarily  stores  up  a  certain  volume 
«f  vamti  Th«B,.,thB  discbw^e  over  the  waste  weir  cootinues  tm  a.  \oagtx 
period  than  the  flood,  and  is  eonsequentiy  not  so  intense. 
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The  qoestion  can  be  mathematically  inve>ti^(eduf(dIows:'    - 

ha  B,  denote  the  area  of  the  water  surface  at  the  retervoir  in  tquare  feet, 

at  a  height  of  H  feet,  above  the  spillway  crest. 

Then,  in  any  time  dl,  a  voluoM  Qd!f,  Aows  into  Ibe  reiervoir  of  which  Sif  H,  is 

stored  up  in  the  reMrvoir,  and  CLH^-'A,  flows  away  orer  -a  spUway  L,  feet  in 

length  under  a  bead  H. 


Then:  . 


B"Q^CtH'-» 


Now,  this  iaiategrable  if  B,  aod  Q,  an  taken  as  constants,  and  putting ; 

Q-CLH,>-*andr-# 

where  H„  is  evidently  the  head  over  the  weir  wten  the  discharge  is  Q,  cuso 
we  get :         ' 


Where  K  is  written  for -7^^~j.    Gould  {Eng,  News,  UtceuhKt  5th, 

190O  has  tabulated  ^(r)  as  a  function  <^r  (seep.  3S9). 

This  equation  gives  the  time  during  which  the  reservoir  rises  from  H  — o,  to 
H=rHa,  and  in  any  practical  case  there  is  3  certain  factor  of  safety,  since  B, 
increases  as  H,  increases. 

It  is  also  possible,  in  cases  where  our  knowledge  of  Q,  the  flood  discharge 
inio  the  reservoir,  and  C,  the  coefficient  of  discharge  of  the  spillway,  are 
sufficiently  accurate,  to  obtain  a  very  close  approximation  to  the  manner  in 
which  the  water  surfece  of  the  reservoir  actually  rises,  by  considering  B,  Q, 
(and  C,  if  ncceis»y)  as  con stnnts  only  durin);  a  small  variation  m  H,  say 
o';  foot.  We  cas  thus  for  the  first  half  foot  cakulaM  K,  Hg,  and  r,  and  find  Ti, 
the  time  during  which  H,  rises  from  o  to  0*5  foot.- 


'Thus,T,-K{*(gSJ^0((^|., 


Now,  with  the  new  B,  (and  the  new  value  of,  C,  if  advisable),  calculate  the 
new  K,  say  Ki,  and  if  a  new  Q,  or  C,  are  used,  the  new  HB,,sqy,  Me,  and 

rjE^coiresponding  toH^O'jfoot  and  ''i"Tj-  corresponding  to  H— to  foot. 

We  thus  get  . 

asthe  time  during  which  H,4ises  from  o'5  to  1*0  foot,  and  ^he  process  may  be 
continued  as  necessary  - 

As  a  simple  example,  consider  a  Pennine  water-shed  of.  say  6  square  miles, 
with  a  critical  period  of  20b  minutes.  I,  is,  for  "  very  rare"  intensity,  I'os  inch 
per  hour.  Take  I'l;  inch  per  hour,  and  take^  as  060.  We  gel  a  very  intense 
flood  at  the  rate  of  443  cusecs  per  square  rail^- : 
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The  general  fbimnla  gire»  i 

^.iii^BT^  cusecs  per  square  mile ; 
so  that  the  discbarge  is  certainty  not  underestimated.. 

,  Now, -assume  that  B— 3  per  cent  of  the  i;att:hinent  are^  (say  51  million 
■uperRcial  feet),  and  that  L- 120  feet  as  Hawksley's  rule  would,  give.  While 
C= 3,  for  safety.    Q=36S3  cusecs. 

Thus  36oHa«-»- 2652  :  or  Ha"-7-37^     Ha=379fi!et. 

K=a ^'^^-'y^, — n  ~48iS  seconds,  appnndmatdy. 

Thus,  assuming  that  there  is  no  change  in  B,  or  Q,  we  find  that  the  surbce 
of  the  reservoir  rises  from  H=o,  to  H=3  feet,  or  r,  changes  from  o  to  o79  i" 
4815x1*862  seconds.      Thus  Ti=896o  seconds,  or  just  under  3  hours  30 


Let  us  assume  that  before  the  storm  burst  a  flow  of  600  cusecs  was  already 
running  outover  the  spillway.    We  have  : 

360  Hi>-»=6oo        Hji-'ai-e;        Hi  =  r4i  foot 

and  ri-0-37.    Therefore,  ^r,)=o-6i4,  and,  for  a  rise  to  3  feet,  i.e.  r,-o79, 
^r,)- 1 -862,  and: 

T|-T,-48i  5  (r86a-o-6i4)=- 6010  seconds,  or  a  Httle  over  1  hour  40 nunutes. 

Again,  take  an  area  of  1  square  tnile,  with  a  critical  period  of  140  minutes. 
We  find  that : 

Q=6oxi"4x640=538cusecs 

and, with  Laio  feetwe  find  that  Ha'-*=9'oo    Ha— 4'33  feet 

Taking  B,  again  as  3  per  cent.,  i^.  20  acres,  or  %-i.ofxx>  square  feet 

K  ■  — ; — '       °°°^rf  -  4370  second* 
3(9x400x538)* 

Now,  if  H=3  feet ;  r-o-69,  ^r>->r44,  T=»630O  secs.-l  hour  45  mio. 
andif  H=4feet;  f"— o'92,  ^r)=3'923,  T<f  13,830  seca.»3  hours  somin- 
and  the  general  deduction  can  be  made,  from  these  examples,  that  for  such  run- 
offs as  can  occur  under  the  assumptions  above  stated,  Hawbsley's  rule  for  the 
length  of  spillwa.ys,  that  is  to  say  : 

20  feet  per  square  mile 
is  amply  safe  with  reservoirs  of  3  per  cent,  water  surface. 
Let  us  now  consider  a  reservoir  of  which  the  area : 

atH=o is  17,500,000  square  feet 

at  H  =  s  feet      ....    is  20,000,000         „ 
at  H=6-5  feet    .        ,  .is  30,500,000  „ 

and  L-70feet.    We  assume  that  Q  =« 8,700  cusecs.    0=3- 

Taking  B,  for  the  first  portion  of  the  rise  as  17,500,000  we  get : 
K-    ,    35,000.000         _  ^^^ 

3(9x4900x8700)* 


^-8Z°9= 


:4i'5       Hn- 10-98  feet. 
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Thus,  the  rise  to  H  =  2-ao feet,  or  r  —  02  ;  ^0-3)  ss o'3i4  is  ftcooin[disfacd 
in  i6,ocx)Xo'3i4  seconds  =  5034  seconds,  or  i  hour  34  mimites. 

For  the  rise  frotn  H  »  220  feet,  up  to  H  •=  5  feet.    T^ee  fi  =  18,700,0001 
K»=  17,090.    »',  =  o-2o,  r,  =  o-46;  ^'"O^ 0^314,  ^r,)-o-8Da 
Therelbre,  T,-T,  ±=  17,090  (0-801—0-314)  ■■  17,090x0.488 
•■8350  seconds  —  2  hours  20  minutes. 

Next,  for  the  rise  from  ;  feet  to  6*5  feet    Talce  B  =  ia,i^ojao6, 
■   K,  =  i8,5oo.    r,  =  o-4S,  r,  =  o-S9;  ^r,)  =  rii3. 
Ts-T,-  i8,soo(rii3-o«oa>-.  18,500x0-311 
»  5760  seconds  =  I  hour  36  minutes. 

And  for  the  rise  from  6-5  feet  to  7-25  feet  we  can  take  B = 30,$oo,ooo  square  feet. 
K,»  18,750.    r,  =  0-59,  r,  =  066  ;  ^rt)-=r338. 
T^-T8-i8,7SoCi-338-i-il3)=  10,750x0225 

s  4217  MConds^i  hdnr  10  minutes. 

Now,  just  previous  to  the  Johnstown  (Pa.)  dam  catastrophe,  a  rise  of  9  inches 
in  one  hour  vas  observed,  when  the  heig'ht  above  the  spillway  was  about  7  feet 
The  areas  and  discharge  used  above  are  ihe  nearest  round  figures  to  those 
^ven  in  the  Report  of  the  Commission  of  the  American  Society  of  Civil 
Et^finccTBan  the  sut^ect  (Tram,  Am.  Soc.  of  C.E,,  voL  34,  p.  447),  and  on 
referring  to  this  report  it  will  be  found  that  the  process  leads  to  results 
corresponcUng  with  observation.  Thus,  the  rise  to  7  feet  above  the  spillway 
took  place  in  about  8  hours,  while  the  calcnlation  gives  the  period  as  about 
6^  hours,  and  it  is  doubtful  whedicr  the  AoikI  discharge  attained  a  value  of 
8700  cnsecs  throughout  the  whole  period. 

The  catchment  area  was  486  square  miles,  and  the  assumed  figure  of  8700 
cusecs,  or  179  cusecs  per  square  mile,  is  probably  fkr  better  ascertained  than 
most  (rftbe  recorded  values  of  intense  Aoods.  The  fbmUila  Q~'2ooM°'*'  gives 
154  cusecs  per  square  mile,  so  that  the  recorded  discharge  is  about  16  per  cent, 
greater  than  that  given  by  the  formula  which  applies  to  catchment  areas 
which  are  on  the  average  somewhat  flatter  than  that  now  considered.  The 
critical  period  is  probably  about  10  hours,  and  I,  from  Talbot's  curve  of 
"maximum  authentic  rain-falls"  is  about  o'67  inch  per  hour.  If  we  assume 
thaty=  o'40,  we  get  a  discharge  of  171  cusecs  per  square  mile.  The  assump- 
tions are  legitimate,  and  it  may  be  observed  that  while  the  general  fbrmulse 
might  lead  to  an  unduly  small  length  of  waste  weir,  the  more  logical  method 
yields  a  result  that  would  certainly  have  secured  a  waste  weir  of  adequate 
dimensions. 

DisiGN  or  Waste  Weirs.— The  theoretical  design  of  a  waste  weir  is 
simple,  but  accurate  knowledge  of  the  coefficients  of  discharge  over  the  weir 
(especially  if  partially  drowned),  and  of  the  relation  between  the  velocity  and 
stuface  slope  tn  the  escape  channel,  is  very  deficient 

The  difficulties  are  prindjiaUy  due  to  the  fact  that  the  head. over  the  weir 
is  often  considerably  greater  than  is  nsual  in  accurate  experiments.  The  flow 
in  the  escape  channel  is  always  turbulent  (due  to  the  agitation  produced  by 
file  weir),  md  is  frequently  varied  (as  in  the  case  of  a  weir  irtiich  is  oUiqne 
to  the  escape  channel).  The  deficiency  is  more  apparent  than  real ;  since, 
although  the  coefficients  are  mainly  selected  by  the  general  consensus  of 
engineering  opinion,  these  coefficients  have  also  been  employed  in  the  calcula- 
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tioEi  of  the  volumes  discharge  by  the  floods  observed ;  and,  contequeotlr, 
any  eiror  equally  affects  our  fundamental  assumptions  as  to  tbe  volmne  thai 
the  weir  has  to  discharge. 

For  this  reason  I  generally  em}doy  the  coefficients  usual  among  engineers, 
and  regard  the  newer  values  (which  have  lately  been  obtained  by  cUrect  ex- 
periment) as  refinements  tbat  do  not  necessarily  require  to  be  introduced 
into  practical  calculations.  Thtse  newer  values  should,  nevertbelets,  be 
employed  in  working  up  fresh  observations,  and  are  therefore  i;ut  on  record 
in  the  appropriate  places. 

Let  Q,  be  the  number  of  cnsecs  which  it  is  proposed  to  discharge  over  a 
weir  L,  feet  in  length. 

If  the  weir  be  of  the  free  overfall  type  (Sketch  No.  67,  Fig.  1),  we  have  : 

Q  =  CiLD" 

for  the  discharge  produced  by  a  depth  D,  over  the  weir  sill.  If  the  flow  in  the 
escape  channel  be  steady,  we  also  have  : 

where  A,  is  the  area  of  the  wetted  section  of  the  channel, 
r,  is  the  hydraulic  mean  radius 

.r,  its  slope,  which  may  be  taken  as  equal  to  the  designed  bed  slope  of 
the  channel. 
The  usual  design  is  a  flat-tapped  weir,  and  if  the  crest  be  less  than  3  fixt 
broad,  the  value : 

Q  =  a-ogLD"-* 
has  been  veiy  frequently  adopted.    While  for  broader  crested  weirs  : 
Q  =  a-64LD'' 
The  experiments  of  the  United  Sutes  Deep  Waterways  Board  at  CorwU 


{Weir  Bxperimenis,  p,  89)  indicate  that  Ci,  is  in  reality  vui^le,  and  potting 
H  =  D+g.weget: 

and  the  values  of  Ci  are  tabulated  on  page  130. 
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The  luual  aoHimptloiu  therefore  appear  to  be  safe,  and  tbc  value  C,  s  309, 
is  probably  a  very  good  mean  for  dte  narrower  topped  weirs  when  D,  does 
itot  greatly  exceed  3  feet,  as  is  usual  in  British  practice. 

When  the  weir  is  drowned,  and  is  of  the  ftmn  shown  in  Sketch  Na  67, 
Figs.  2  and  3,  the  formula  are  : 

Q  =  CiLVD;(D,+gD,) 
and,  Q  =  C\-Jn  —  CAV-^i*  approtimately 

where,  in  the  second  figure,  di  =  0^+^,  and  in  the  third  figure  ^  =  D*. 

The  Cj,  coefficients  aie  less  well  determined.  For  flat-topped  weirs,  or  bo 
weir  as  in  Sketch  No.  67,  Fig.  3,  Strange  takes  the  C„  coefficient  as  follows : 

Di+D,  in  Feet  3  4  5  6  7  8  9  10  11  12  13  and  over 
Cj     .    .    .    3-20  3-31  341  3-52  3-63  374  3-84  395  4-05  4-i6  4'27 

and  neither  Chatterton's  experiments  {Hydraulic  Experiments  in  the  Kistna 
Delta)  aot  Rhind's  {P.I.C.E.,  vol.  154,  p.  292),  markedly  contradict  these  values. 

A  more  definite  statement  cannot  be  made.  The  values  are  probably  safe, 
and  are  Kkely  to  be  below  the  truth. 

No  experiments  are  available  on  drowned  weirs  other  than  of  the  flat-topped, 
or  sharp-edged  type,  except  one  on  a  rounded  weir  section  (see  Sketch  No.  67, 
Fig.  4)  with  Di-I-D,  =  6-6  feet  (.Report  of  United  States  Deep  Waterways 
Board,  p.  291).  When  undrowned,  C,  =  370,  and  diminishes  as  drowning 
proceeds,  tor 

Ci  •-  3'47,  when  the  tail  water  is  3*3  feel  above  the  crest 

The  formulae  are  best  treated  by  first  calculating  D„  from  the  equation  for 
the  channel  discharge  and  then  uung  the  weir  dischai^  equation  to  calculate 
D|,  and  thus  obtaining  the  total  depth  over  the  wdr, 

VALUES  OF  GOULD'S  FUNCTION  «r)  (sea  Paob  a8j),  ARRANGED  IN 
HORIZONTAL  LINES  FOR  EACH  TENTH,  AND  VERTICAL  COLUMNS 
FOR   EACH  HUNDREDTH  OF  r=^. 
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In  British  practice  D,  and  d^,  rarely  exceed  3  feet  The  limitatioQ  appean 
to  be  founded  more  on  a  desire  to  avoid  waste  of  reservoir  capacity  than  on 
consi derations  of  safety.  The  design  of  the  weir  and  the  pitching  <tf  tht 
escape  channel  follow  the  rules  given  when  discussing  Falls  and  Rapids  (sw 
pp.  655  and  721).  In  several  of  the  newer  German  reservoirs  the  escape  chamKl 
is  broken  up  into  a  series  of  shallow  water  cushions,  or  the  slope  is  eroi 
formed  into  waves.  Since  escape  channels  in  general  are  usually  dry,  and 
rarely,  if  ever,  run  more  than  6  inches  deep  for  longer  than  a  week,  these 
designs  do  no  harm,  although  the  experience  of  irrigation  canals  shows  ibu 
if  severely  tested  they  would  probably  be  destroyed.  The  primary  function 
of  an  escape  channel,  however,  is  to  remove  water,  and  these  refinemenis 
obstruct  the  flow.  Since  ample  opportunity  exists  for  repairing  any  small 
erosion  that  may  take  place  during  ^oods,  it  appears  best,  even  in  very  sleep 
channels,  to  make  the  channel  smooth,  and  evenly  graded,  and  to  prevut 
erosion  by  means  of  a  deep  curtain  wall  at  the  actual  weir,  with  such  extra 
pitching  as  experience  shows  to  be  necessary.  A  somewhat  steeper  slope  jui 
after  the  weir  does  no  harm. 

I  purposely  refrain  from  any  discussion  of  the  approximate  rules  for  the 
determination  of  the  length  (channel  breaddi)  of  waste  weirs.  The  Gould 
function  method  alone  has  any  pretecsions  to  accuracy.  One  of  my  earliest 
professional  reminiscences  relates  to  the  rejection  of  a  very  excellent  scheme,  on 
the  ground  of  insufiicient  waste  weir  capacity.  The  designer  had,  instinctivel)', 
applied  the  principles  of  Gould's  method,  but,  not  being  an  expert  mathematicim, 
was  unable  to  explain  ihera  clearly.  Thus,  what  1  now  consider  to  ha\-e  been  a 
jjerfectly  sufficient  waste  weii  appeared  far  too  small.  The  party  I  then  adbemi 
to  was  not  only  devoid  of  insight,  but  ignored  a  very  cogent  piece  of  natural 
evidence.  The  designed  waste  weir  was  an  enlarged  natural  river  channel,  and 
no  abnormal  flood  marks  cotild  be  discovered  above  or  near  to  the  natural 
constriction.  The  designer,  for  want  of  funds,  could  merely  propose  to  enlarge 
and  regularise  this  constricted  channel.  We  totally  ignored  the  existing  water 
marks,  which  showed  clearly  that  a  large  temporary  storage  occurred  above  the 


Digilzed  by  Google 


CHAPTER  VII.— (Section  A) 

CAMS  AND  KESEBVOIBS 


«bere  lul  erosion  is  prevented — Tabulation  of  the  values  of  the  Teloctties  of 
percolatioD — Effective  depth  of  c(»ewalli — CompwrisoQ  of  th«  theory  with  piseUee — 
Failure  br  piping — Fonntain  failure — Tail  erosion  and  piping  failure — Ai^uoiinwte 
theory  when  tail  erosion   occurs  —  Experimental    data — Genejal   rules— Effect   oif 

Eaxthkn   Dams.  —  Impermeable   cores    of   clayi   tnasonry,  etc. — Gritty  and    clayey 
material — Exajn{de*  of  the  variona  type*  of  dam — Qatsificatian — "  Oidinaiy  "  and 
"  Indian  "  types— DruDagc. 
Genefsl  Design  of  Eafthcn  Daau. 
OaKtHART  Typb  of  Dam.— Slopes  of  the  feces— Height  of  the  dam— Possibility  of 

itcepei  slope*. 
CONtTKUCnON.— (i)  Piepoiaticn  of  the  dam  tite  — Spcdficaitton— Critid*m---<ii)  Con- 
struction of  the  earth-work — SpecilicatioQ^^riliciaiii^Freliminary  experiments-^ 
Practiol  results — Hump   in  the  banks — (iii)  Puddle  trench  and  wa!!^ — Puddle  clay 
venta  concrete  or  masonry— Specification  —  Criticism— Tests   for  puddle   clay— 
Criticism  —  Admixture  ol  sand  with  puddle  cl«y — Seclbn  of  the  puddle  wall  and 
treDch^Filling  of  the  puddle  trench — Cases  where  water  enters  the  puddle  ttench  in 
Urge  quantities—Junctions  in  concrete  filling — Drainage  of  the  puddle  trench. 
CoKB  WAi-ia  AND  TUBKCHES  OF   Matbrials  otkbr   than  Puddlb. — Misoniy  or 
concMle— Thicknest — Herschetl's  rules — Bhim  Thai  bilure — Wooden  sheet  [Hling^ 
Ca*t  iron  or  steel  piling-r-Grouting  in  fissured  rock. 
Position  OF  T«B  IsipsKMSABLS  ^.tf^A.— Liability  to  fracture  owing  to  settlement. 
Indian  Type  of  Dam.— (^)  Dam  with  a  thick  core  wall  carried  down  to  connect  with 
an  Impermeable  stratum--(A)  Dam  in  which  the  core  wall  is  not  connected  with  ah 
impenneable  stratotn. 

(i)  PrcparatioD  of  the  site. — Drainage — Revened  lilten. 

(ii)  Proportion*  of  the  puddle  trench — Concrete  base — Drains- Additional  masonry 

trenches. 
(Hi)  Construction  of  the  earthwork— Modification  of  the  face  slopes — Dams  over  40 
Eset  high— Dry  stone  walls  and  toei. 
Dahs  not  joined  to  an  Imp«)!MKaiji.8  Stratdu. — Depth   of  cut-off  trew^ — Con 
walls  versui  an   impenneable  dam — Jacob's  sand  dam —Criticism — Baroda  dam — 
Leakage-Comparison  with  British  practice. 
CASIttG  OF  THE  Dam. — Function— Sirange's  specification — Staines  casing— Pitching — 
Constmction — Thickness — Staines  specification  for  concrete  slab  aitching — Ooter 
slo^  {ntcbing,  or  turfing— Walls  on  top  of  the  dam — Generally  r^ianUng  pit^r^  and 


Odti-BT  Works.— Bye  pass  drains  for  flood  water— Valve  towers— Uttderslaicei— Pipe 
lines  through  the  dam^Position  of  the  valve — Syphons  over  the  dam. 
'*^-'--  -■^ '"- •-       ""-  --     -     -^ '   -   -  ■     ■"  --;|(  ooder 
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Pncdcal  piopoitioiu — Culvert  ttopi,  or  plug* — Specification — Detmils  of  chuea  in 
die  plugs--Creepiiig  flongei. 

Valve  Towers  and  CVLFSiiTS.—HctA  wall  ind  culvert— Central  lower—Volame  td 
water  rejected  when  siltii^  roast  be  pievented — Underalnicea — Discha^e  capaaty 
of  oDcIeisliuces. 

SiLTtUG  OF  Hbsekvo/ks.  —  Desaienador,  ot  scouring;  gallery  —  Bombay  pncticc — 
Assouan  reservoir — Removal  by  dredging — Relation  between  reservoir  capacity  and 
mean  annual  run-off— Austin  reservoir — ^Brilish  reservoir — Preliminary  investiga- 
tions— Willcocks'  principles. 

Pbemkabilitv  of  Eabthbn  Daus. — Mean  slope  of  the  saturation  plane — Bombay  ai 


Drop  produced  by  a  puddle  wall — ^Experimental  d 
HvDRAULic  Fill  Dams. — Construction — Grading  of  material— Proportioa  of  day— 

Central  drainage  towei — Effect   oF  moist  climatef — Necoshy  for  special  plant — 

Consolidation  produced — Ratio  of  sotlds  deposited  to  water  used. 
ROCK-PtLL  Daks. — Construction — Initial  settlement  of  the  rock  Gil— Failures  probably 

caused  by  bad  construction— Fiwaied- rock  fouadatlons— Escondido  dam — Wood  and 

concrete  diaphragm — Otay  dam — Steel  plate  diaphtigm. 


SfABtUTV     OP     AH      lUPEKUKABLE      DAU     AND      CUT-OFr     WALL     ON      A 

Pbkubabi^  Foundation  of  iNDxriNiTK  Dbpth.— An  accmite  ntalhe- 
ntttical  solmion  of  the  above  problem  cut  be  obtiuned,  on  the  assnmptioD 
that  the  upper  boundary  of  the  penneable  stratum  is  a  horitontal  plane 
extending  indefinitely  in  both  directions  from  the  ends  of  the  dam,  as  skoim  m 
Sketch  Nol  68.  In  practice,  this  condition  is  sufficiently  satisfied  provided 
that  marked  erosion  at  the  downstream  end  of  the  dam  is  prevented.  Tlius, 
the  theory  can  be  applied  in  older  to  investigate  such  cases  as  the  following  : 

(a)  Earth  dams  which  are  never  over-topped  by  the  water  that  they  main. 

(A)  Overflow  masonry  dams  which  are  rarely  exposed  to  the  action  of 
flowing  water,  so  that  the  tail  erosion  is  but  small, 

(f)  Regulators  of  canals  where  the  action  of  the  flowing  water  is  sndcr 
control,  so  that  erosion  is  entirely'  stopped  by  the  [Htching,  which  is  placed 
dovmstream  of  the  work. 

In  works  such  as  weirs  and  undersluices,  tall  erosion  cannot  he  kept 
within  definite  limits,  and  although  the  bed  of  the  channel  downstream  of  the 
work  is  pitched,  deep  scour  holes  nwy,  and  do,  occur  close  to  the  downstream 
tail  of  the  work.  If  certain  assumptions  are  made  which  agree  fairly  well  with 
the  practical  conditions,  the  theory  can  be  modified  go  as  to  be  applicable 
to  these  cases.  Experimental  investigations,  however,  show  that  the  critical 
points  where  failure  is  most  likely  to  begin  are  not  the  same  as  in  works  which 
arc  not  exposed  to  erosion.  If  erosion  does  not  occur  the  downstneain  taQ  of 
the  ii=^ii  is  the  point  where  failure  cornmences.  Wbciea^  if  etosiea  occurs, 
failure  begins  in  the  neighbourhood  of  the  bottom  of  the  cnt-off  wall  Thus, 
while  the  same  theory  strfliceS  for  the  investigation  of  the  two  classes  of  cir- 
cumstances, the  conditions  for  stability  differ  somewhat  markedly,  for  in  the 
first,  or  non-eroded  class,  a,  the  depth  to  which  the  core  wall  is  sunk  will  be 
found  to  be  the  foctor  which  mainly  determines  dte  stability.  Whereas,  m  the 
sconred,  or  eroded  class,  the  depth  of  the  core  wall  has  only  an  udircct 
influence  on  the  stability  which  is  almost  entirely  determined  by  3^  the  width 
of  the  base  of  the  dam. 

.The  circumstances  assumed  in  the  ideal  case  are  shown  in  cross-section  in 
Sketch  No.  68,  where  the  boundary  of  the  impermeable  area  is  hatched. 

Let  lb,  be  the  breadth  of  the  impermeable  base  of  the  dam,  and  let  o^  be  the 
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depth  to  which  the  iiqpenneablo  core  wan  extends  below  the  base  of  the  dam. 
Put  i^=^—iifl,  and  assume  that  the  core  wall  lies  in  the  centre  of  the  tmse'  of 
the  dam.  For  the  sake  of  simplicity,  the  action  of  gravity  is  neglactcd  for 
the  present. 

Tlien,  assuming  that  the  stratum  below  the  dam  is  equally  petneabla  at 
eveTY  point,  and  that  no  percolation  occurs  through  the  dam  or  core  wall,  the 
lines  of  flow  are  the  series  of  confocal  ellipses  : 

and  the  lines  of  equal  pressure  are  the  confocal  byperbolfe: 


1 

»t 

i 

SHU. 

*e 

-*• 

I 

'■■"■"■ 

Sketch  No.  68.— Percolation  under  a  Slractiure  not  subjected  to  Tail  Eiosiaii. 

Let  us  now  consider  one  foot  length  of  the  dam.  Let  H,  be  the  bead  of 
water  which  the  dam  holds  up.  Then  the  pressure  at  the  hyperbola  given  by 
^=ir  {i^.  along  tb«  line  AP),  is  H,  and  along  the  line  CD  (t.«.  the  hyperbola 
given  by  /3=o)the  pressure  is  a.  Thus,  the  pressure  along  any  intermediate 
hyperbola  fl=3i  is  H  -,  feet  of  water.  Also  the  quantity  of  water  percolating 
along  the  imaginary  tube  bounded  by  the  ellipses  a=ax  and  a=at  is  proportional 
to  oi— oi,  and  since  the  flow  is  capillary,  the  quantity  delivered  per  second  is  : 

K  .S  („,-„,) 

where  K,  is  the  constant  dependent  on  the  effective  ^ze  of  the  sand  grains 
which  occurs  in  Hazen's  formula  (see  p.  3SX 

Thus,  the  rate  of  flow  per  square  foot  is  not  uniform,  but  becomes  more 
intense  as  the  normal  distance  between  the  ellipaes  oi  and  og+d  (where  8  is  a 
small  constant  quantity)  decreases. 
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Now,  let  us  consider  two  sncb  ellipses,  JLM,  and  JiLiMi,  as  giTen  i 
ketches  Nos.  68  and  70. 
We  have  O]  =c  cosh  oi 

OJ,  =  i:cosh(ai+J) 
Therefore,  JJ,=f3sinhoi  if  8  be  small. 
OL=e'sinb  ay 
0L,=esinh((ii+8) 
Therefore,  LL,=<:ft  cosh  ai,  if  d  be  small. 
Any  other  normal  distance  NN„  plainly  lies  between  the  values  JJi,  and 


LL„for  NN,=cftVcosh'ar 
which  N,  and  N^,  lie. 

Thus,  the  flow  per  square  foot,  or 
(see  p.  25)  along  the  tube  JJiLLiMM] 


1,  where  j3=/9i  represents  the  hyperbola  on 

the  effective  velocity  of  percolation 
varies  between  a  maximum  value : 


As  a  nunterical  example,  let  us  consider  the  values  of  V,  and  U,  at  points 
given  by: 

y=o,  x=>fpc ;  for  V 
'  x=o,y^pc;  forU 

It  will  be  plain  that  the  values  of  V,  and  U,  for  the  same  value  of/,  domt 
then  refer  to  the  same  tube  {i.i.  a  has  not  the  same  value  in  each  case).  The 
method  of  calculation  adopted,  however,  is  that  which  is  best  adapted  to 
practical  requirements. 

For  the  calculation  of  V,  we  have  as  follows  : 


cosho 


KH 


/  =  cosho 

" 

iCH 

ro 

000 

00000 

00 

•'5 

0-96 

I -1 144 

0-896 

I'7t8a 

o-s8. 

^■8503 

035 « 

S'o 

2-29 

4-8868 

o-ao5 

lo-o 

a  99 

9-9177 

oioi 

The  value  Ju  =  '^  cannot  occur  In  practice,  for  since  t^=i*—^,  flow  is 
not  possible  until/,  is  at  least  equal  to  — -.  -^, 
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For  the  cakulatioa  of  U,  w«  have  as  follows : 

smho=-^=/  U ^^^. 

C    '^  vc  cosh  a 


/  =  s«ha 

• 

cosh  a 

o-o 

o-oo 

I '0000 

I'OOO 

05 

0-49 

1-1225 

0 

S93 

i*o 

0-88 

i'4i28 

0 

709 

I '5 

119 

1-7956 

0 

557 

1-44 

2-2288 

448 

3-0 

I -82 

3-.669 

315 

S-o 

232 

5-137 

0 

'95 

ro'O 

2-99 

9-9680 

° 

100 

In  this  case  fractional  values  of/,  can  occur  because  c,  can  be  greater  than  a, 

provided  that  o*  is  less  than  -,  say  a  less  than  orjih. 

As  an  example  of  the  values  of  V,  and  U,  which  occur  in  the  same 
'mstfpoTf  tube,  we  may  take  the  following! 


1 

' 

• 

0-62II 

KH 

KH 

1        "'S 

.1276 

0-885 

1-6.0 

1        '-5431 

11752 

0649 

0-850 

1         ''S 

»-35"4 

2-1293 

0-426 

0-469 

i      ''" 

3762! 

3-6269 

0-266 

0-276 

'    i- 

100678 

100179 

o-ioo 

So 

1     74'aio 

74203 

0-013 

0-013 

It  will  be  seen  that  Both  V,  and  U,  increase  as  a  decreases.  There  is, 
however,  a  minimum  value  of  a,  say  a^  which  is  that  corresponding  to  the 
ellipse  AEC,  which  passes  through  the  two  toes  of  the  dam,  and  the  bottom  of 
the  core  wall,  and  is  given  by  the  equations  : 

c  cosh  do  =*  ^,    and  c  sinh  Og  =  a. 

Thus,  the  maximum  values  of  U,  and  T,  are  obtained  by  putting  a=a„ 


V^  CI   -     ,  in  a  vertical  direction  at  A  or  C,  either  toe  of  the  dam,  and, 

U„    —  —T-,  in  ft  horiiontal  direction  immediately  below  E,  the  bottom 
of  the  core  wall. 
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The  upward  pressure  of  the  percolating  watm  on  the  base  of  the  drnm  it 
given  by  the  fonnula : 

where  x,  is  positive  when  measured  in  the  downstream  direction. 

These  formula  afford  a  measure  of  the  likelihood  of  sand  being  removed 
from  mider  the  dam,  and  it  will  be  evident  that  the  dam  is  stable  if  the 
pressures  and  velocities  thus  determined  are  insufficieDt  to  remove  the  sand 
grains,  or  to  blow  up  the  dam. 

It  is  also  evident  that  there  is  a  limit  to  the  total  percolation  per  foot 
length  of  the  dam,  even  if  the  permeable  stratum  is  of  very  great  depdi.  For, 
let  d,  be  the  value  of  a  for  the  ellipse  that  touches  the  bottom  of  the  permeable 
stratum  which  is  /  feet  deep.  Then  the  total  flow  per  foot  length  of  the  dam 
is (a^-'dg},  and  since/,  is  assumed  to  be  great,  we  can  put 

cosh  oj  =  A  =  sinh  a,  or  «"»  =  g.    Therefore,  a^  =  logt  p 
and  the  total  flow  is (log,*  —oo)  which  increases  but  slowly  as  j;ii 

This  investigation  (at  first  sight)  leads  to  the  rather  surpriwng  result  that 
the  width  of  the  base  of  a  dam  has  no  influence  in  stopping  upward  percoUtion 
at  the  downstream  toe  of  the  dam. 

This  is  possibly  true  in  an  ideal  case,  and  suggests  that  the  natorkiiu 
weakness  of  dams  with  no  core  walls  is  not  entirety  due  to  "  Leakage  along  the 
seat  of  the  dam,"  or  along  the  "line  of  junction."  In  any  practical  case,  there 
are  core  walls,— of  shallow  depth,— but  siill  ihey  exist,  and  it  will  be  plain  on 
looking  at  Sketch  No.  68  that  a  shallow  core  wall,  as  shown  at  QR,  would 
theoretically,  be  equally  effective  in  slopping  percolation  as  the  deeper  cne 
wall  OE,  provided  that  R  lies  on  the  ellipse  AEC  (the  dam  itself  is  of 
course  assumed  to  be  impermeable). 

Now,  take  an  example,  and  let  us  assume  that  i  =•  100  feet,  and  a  =^10  feet. 
Therefore  c'  =  (995)'  approximately.    The  equation  of  the  ellipse  AEC,  is 

Now,  put  jr  =  90.     Therefore  J"'  =  100x019  =19.    y  =  4*3  feet. 
Thus,  a  core  wall  with  a  depth  of  43  feet  at  90  (eet  from  the  centre  of  the 
base,  is,  theoretically,  as  effective  as  one  which  is  10  feet  deep  at  the  centre 
of  the  base. 

Again,  if  ^  =  50  and  a  =  \o  feet,  wc  get : 
^  +  -^=1 
and  when  *  =  40,     --j=—  ;      and^  -■  6. 

So  that  a  core  wall  10  feet  from  the  toe  of  the  dam  now  requires  to  be 
6  feet  deep,  in  order  to  have  the  same  effect  as  a  central  core  wall  which  is 
ro  feet  deep. 

Let  us  now  treat  the  case  of  a  blanket  of  puddle  clay  3  feet  thick,  thai 
starts  at  3  feet  from  the  toe  of  the  dam,  as  shown  in  Sketch  No.  69. 

Put  b=ioo. 
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IMPERMEABLE  APRON 

o  determine  a,  wbeie : 


and  we  know  that  x  =  97,  and^  =  3  satisfy  this  equatign  ;  for  the  eUipse  muK 
pass  through  the  comers  of  the  apron. 


Thus,  0-97'+^  =  I. 


006 
or,  «  =  13-3  feet. 

So  that  in  nich  a  case  a  central  core  wall  gives  no  extia  advanti^e,  unless 
it  is  more  than  ti-3  feet  in  depth. 

These  figures  are  of  course  purely  theoretical,  but  they  s^rve  to  show  tha 
foUoiring  principles : 

(i)  A  long,  rii^Uow  btuikel  or  apron  is  equivalent  to  a  br  deeper  central  , 
ooi«  mil,  and  the  theoretical  depth  of  this  core  wall  c«n  be  calctrtated  as  above. 

(ii)  The  most  advantageous  posltwn  for  a  vertical  core  wsH  is  as  close  to 
eitfaer  toe  of  the  dam  as  possible.     This  is  of  course  Subject  to  practical' 


Skktcu  No.  69.— Eflect  of  a  Shallow  Apron  in  Stopinng  Percolation. 

considerations,  and  the  two  following  conditions  militate  somewhat  ag^iist  a 

core  wall  being  situated  near  to  the  toe  of  the  dam. 

(<t)  If  the  core  wall  be  toa  doM  to  the  water  surface  of  the  dam,  it  may 
be  breached  by  burrowing  animals  (such  as  water-rats  and  crayfish).  If  it 
is  too  far  removed,  it  may  become  dry  during  periods  when  the  water 
is  low  in  the  reservoir,  and  crack. 

(^)  The  dam,  iu  practice,  is  not  wholly  impermeable,  and  a  wall  of 
puddle,  or  other  impermeable  material,  must  be  carried  up  above  the  top 
water  level  Thus,  if  this  wall  is  not  placed  vertically  below  the  crest  of 
the  dani  it  roust  be  laid  on  a  slope.  Puddle  walls  laid  at  a  slope,  or 
rather,  beds  of  puddle  facing  a  slope,  are  very  difficult  to  lay  clean  and 
unmixed  with  earth  or  grit,  and  are  extremely  likely  to  burst  and  cause  the 
water  face  of  the  dam  to  slip.  While  masonry  walls  laid  on  a  newly 
made  slope  of  earth  are  certain  to  crack. 

Consequently,  1  do  not  consider  the  fact  that  the  theory  does  not  show  the 
position  usually  adopted  for  core  walls  to  be  the  best,  in  any  way  decreases 
its  value. 

In  other  respects,  the  theory  agrees  very  well  with  advanced  practice,  tor  it 
clearly  shows  the  raisen  fetre  of  the  reverted  filters  at  the  downstream  toe,' 
and  the  advantages  of  the  concrete  base  of  the  core  wall  together  with  the 
accompanying  drain  and  TCvcrscd  filter. 
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The  practical  application  of  these  foimuke  greatly  depends  upon  the 
conditions  existing  at  the  downstream  toe  of  the  dam.  It  will  be  plain  that 
sand  may  be  removed  in  the  tvro  following  ways  : 

(a)  By  piping,  that  is  to  say  removing  the  sand  in  a  horizontal  direction, 
such  as  b  indicated  as  likely  to  occur  near  the  points  L  and  L,^  below  the 
core  wall  (see  Sketch  No.  68). 

This  (as  will  later  be  shown)  is  largely  influenced  by  the  amount  of  erosion 
that  takes  place  and  otherwise  mainly  depends  upon  the  ratio :  -r- 

(^)  By  fountaining,  or  the  upward  removal  of  sand,  which  is  indicated  as 
probable  near  the  points  J,  and  J,  (see  Sketch  No.  68).  This  depends  only 
upon  the  ratio  -  - 

If  these  two  actions  are  independently  studied,  we  find  espcrimentaUy  that 
'  removal  by  jMping  is  far  more  easily  effected.  In  an  actual  dam,  however,  if  a 
hprizontal  surface  of  sand  exists  below  the  downstream  txtA  of  the  dam,  it  is 
plain  that  {upiog  cannot  occur  unless  fountain  failure  has  previously  taken  place. 
Thus,  in  earthen  dams  or  head  regulators,  calculations  regarding  stability  can 
be  founded  on  the  conditions  for  failure  by  fountaining  \  and,  consequently, 
the  leading  factor  in  the  design  of  such  dams  is  the  ratio  --. 

In  a  structure  of  the  weir  or  uodersluice  type,  on  the  other  hand,  deep  holes 
may  be  scoured  out  below  the  tail  of  the  work,  and  the  conditions  for  [ni»iig 
failure  will  be  found  to  determine  the  stability  of  the  work. 

The  case  where  the  boundary  of  the  sand  downstream  of  the  work  ts  a 
sloping  ptane  is  not  capable  of  exact  mathematical  solution.  Where,  however, 
the  boundaiy  is  one  of  the  confbcal  hyperbolEe  ^  =  fit  say,  as  shown  in  Sketch 
No.  70,  an  acciuate  solution  can  be  obtained.  The  work  need  not  be  given, 
as  it  will  be  obvious  to  any  one  who  has  followed  the  original  investigatioo 
that: 

U^  KH8 

(n  — 0i)  c  cosh  a 

and  the  velocity  of  percolation  at  any  other  point  N  is  given  by  the  equation : 

^=,      KHft 
(»-j8,)NN, 

where  the  symbols  are  those  used  on  page  294. 

The  exact  point  where  failure  is  most  likely  to  occur  is  doubtful. 
Immediately  under  the  core  wall  at  E  (see  Sketch  No.  70)  we  have  : 

and  here,  the  motion  being  horizontal,  the  stability  entirely  depends  upon  the 
friction  of  the  grains  of  sand  on  one  another.  But  as  we  proceed  fiom  E,  to  C, 
along  the  ellipse  AEC,  the  velocity  of  percolation  increases,  and  thus,  were  it 
not  for  the  fact  that  the  direction  of  flow  becomes  more  and  more  inclined 
upwards,  failure  would  occur  sooner  than  at  £.  Consequently,  the  precise 
point  wbere  failure  begins  can  only  be  determined  experimentally,  and  it  is 
probable  that  the  weak  spot  is  somewhere  dose  to  the  line  ST,  the  upstream 
face  of  the  scour  hole.     In  any  case,  it  is  found  that  the  value  of  a,  has  but 
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little  influence  (and  that  only  an  indirect  one  doe  to  the  (act  that  |3|  i>  depCD- 
dent  upon  dy,  on  the  stabahty,  and  that  the  important  quantities  are  i,  aad  ^j. 
Thia  last  qnanttty  is  piindpally  detennined  by  the  ease  with  which  the  sand  is 
eroded,  and  by  the  amount  of  ero^on  which  it  has  sustained.  - 

Actual  experinKntal  data  are  rare  : 

If  we  put  k,  for  the  bead  in  feet  of  water  that  produces  removal  of  sand  by 
fotmtaining  (Sketch  No.  71,  Fig.  i)  through  a  vertical  height  of /feet  of  (and, 
it  irill  approxiimitely  be  found  that : 

(<i)  For  sand  of  a  mean  diameter  of  0*03  inch,  /=  V2k. 
(i)  For  sand  of  ainean  diameter  of  0*010  inch, /=  3'6A. 

These  figures  are  confirmed  by  Beresford  {P.I.CB^  voL  ijS,  p,  77X  who 
states  that  /  ^  3A  for  sand  ranging  from  o'oi  inch  to  0*00;  inch  in  diameter,  and 
Russell  {/oum.  Ass.  of  Eng.  Sees.,  1909)  (see  p.  582)  who  stites  that  I-Bh,fot 
sand  such  as  is  used  in  mechanical  fiters.    The  fig^ures  are  only  approidnut  , 


Sketch  No.  7a— Percolation  under  »  Structure  subject  lo  Tsil  Eiosioii. 


and,  so  Eu  as  I  can  Judge,  the  proportion  of  the  smaller  grains  has  a  consider- 
able influence  upon  the  question  (i>.  the  value  of  n,  in  the  equation  I'^nh, 
|Rvbably  depends  not  only  on  the  effective  size  of  the  sand,  but  also  on  the 
onifomity  coeSident). 

Tbe  results  are,  however,  confinned  by  practical  rules,  for  we  know  d>at 
dams  on  coarse  sand  rarelyfail  unless  -  ,  is  less  than  \,  and  in  fine  sand  unless 
■r,  is  less  than  i.     Now,  the  quantity  /,  considered  above  is  equal  to  tro,  so  that 

these  rules  give  /  =  vbk,  for  coarse  sand  ;  and  I  =  y  \h,  for  fine  sand,  which  is 
swnewhat  coarser  than  the  finer  of  the  two  sands  above  experimented  upon. 
Thus,  the  rules  probably  afford  a  margin  of  safety  equivalent  to  50  per  cent. 

For  piping  failure,  where  I,  now  denotes  a  hoiiiontal  length  of  sand 
(Sketch  No.  71,  Fig.  2),  we  find  that : 

(a)  For  sand  of  003  inch  mean  diameter,  /=  z*;^. 

(J)  For  sand  of  o'oi  inch  mean  diameter,  /=  Zk. 
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Th«  expcrknentol  figures  for  piiring'  fiulure  ire  very  irregulir,  and  I  da  aot 
coasider  tlut  any  great  reliaoce  can  be  placed  on  those  given  above.  If  tbe 
dighteat  void  is  left  onfiiled  with  cand  in  the  top  of  tbe  experinmital  tube  a 
local  flow  of  water  is  set  np  which  rafMdly  renooves  the  sand,  and  Imlnres  have 
been  observed  with  0*01  inch  sand  in  cases  where  /b  aoi. 

'  The  tune  factor  also  appears  to  have  a  considemble  inflncoce,  as  I  bave 
Cound  that  if  the  pressure  is  left  on  for  an  bour  or  more  piping  occnra  U  heads 
which  are  easily  resisted  for  5  or  10  minutes.  My  apparatus,  however,  was 
not  sufiiciently  perfect  to  enable  me  to  assert  that  this  was  not  cau^  by  the 
sand  gradually  settling,  and  creating  a  small  void  which  permitted  a  flow  erf 
water  to  commeDce,  so  starting  the  failure. 

The  practical  deductions  ate  very  clear.  If  erositai  is  penoitted  belmr  the 
taU  of  ^e  work  failure  can  occur  by  piping,  and  the  stability  mainly  depotdt 
upon  lb,  the  breadth  of  the  dam. 

The  failnic  is  more  or  less  fbrtaitDot,  as  the  liability  to  pipn^  luifClr 
depends  upon  the  depth  and  position  of  the  eroded  holes,  and  also  on  the 
occnnence  of  accidental  void  spaces  in  the  sand  below  the  dam. 
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If  tiul  erosion  does  not  occur,  the  stability  mainly  depends  upon  the  depth 
of  the^ut-offwidl.  Failure  occtira  by  fbuntaining,  and  is  less  cfependtnt  upas 
accideneal  ciraimstiance& 

Regarded  in  this  manner,  the  tigtttes  ^ven  by  JBligh  and.  my  distrast  ti 
shallow  core  walls  {see  p.  679)  are  both  easily  explicaUe.  So  alaa,  the 
ittility'of  shallow  core  walls  for  forming  cut-offs  to  accidental  vacuities  imder  a 
dam  or  impermeable  apron,  and  dieir  probable  ineffectiveness  if  the  im: 
permeable  apron  is  not  of  sufficient  length,  becomes  plain. 

Sffect  of  Gravity.— So  far  the  effect  of  gravity  has  been  neglected.  Consider 
any  point  \x,y\  where ^,  is  positive,  when  measured  downwards  from  the  base 
of  the  dam. 

Then  from  the  equations  : 

■    _-■"_+ L-'i   ., 

dosh»<.^sinh»o 

y  _. 


we  calculate  a  and  ^ 
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Tkc  inecedng  mvcstigBtioii  has  ibown  us  that  the  pBesraic  at  {x,  y\  h 

Super-aiddiag  the  effect  of  gravis,  we  have  a  total  presiure  (tf  1 

^+_y,  feet  of  water. 

The  velocity  of  flow  is  represeDted  by  ; 

—  ■  ■— T-  aod  is  nnalteTed  b^  the  action  of  giavity. 

c  -J  cosPa  —  cos*j5 

It  will  also  be  plain  that  the  whole  theory  depends  upon  the  permeability 
being  constant  over  the  whole  layer,  tj.  K  =  a  constant. 

So  far  as  I  am  aware,  no  variation  in  K,  due  to  the  pressure  of  tuperin- 
combent  layers,  has  been  observed ;  but  variations  in  the  size  of  the  grains  or 
in  their  fireedmn  from  dirt  may  have  a  considerable  influence  upon  K  (see  p.  26). 

Earthbn  Daus.— The  design  of  earthen  dams  is  purely  a  matter  of 
experience.  The  ruling  fector  is  the  means  adopted  for  preventing  water  from 
tiaversing  the  dam.  This  is  effected  by  the  erection  of  some  impermeable 
barrier  in  the  substance  of  the  dam.  In  British  practice  (including  Indian),  the 
impermeable  substance  is  usuEilly  day,  or  clayey  earth  ;  but  concrete  (either 
of  Portland  cement  or  hydraulic  limeX  or  masonry,  has  aiso  been  used. 

The  older  American  engineers  usually  employed  masonry  "  core  walls,"  but 
al  dw  pcesent  time  concrete  (sometimes  reinforced  with  steel  rods),  sted  plates 
protected  with  concrete  or  asphalt  coatings,  and  the  artificial  cTay  frntned  by 
hydraulic  skiidng,  are  also  ased.  Simibrdemea  are  appearing  in  Britrshpractice. 

Such  perishable  barners  as  wooden  sheet  piles  wilt  be  referred  to  later. 

We  will  now  consider  the  conditions  affectii^  a  dam  composed  of  gritty 
maKdal  and  day.    The  properties  of  these  materials  may  be  thus  defined  ; 

The  "grits  "  are  pervious  to  water  in  a  high  degree,  but  do  not  slip  markedly 
when  saturated  with  water,  and  a  good  Thames  ballast  consisting  of  sand 
and  pebbles  in  almost  equal  propiortions  may  be  taken  as  the  typical  case. 
The  "  clay,"  when  properly  treated  and  deposited,  is  more  or  less  impervious 
to  water,  but  is  almost  incapable  of  supporting  itself  when  saturated,  and  will 
slip  until  it  attains  slopes  such  as  i  in  5,  or  1  in  7.  London  clay  may  be  taken 
as  the  typical  case.  Thus,  a  "good  gritty"  material  is  capable  of  forming 
a  stable  embankment  even  when  saturated  with  water ;  and  a  thin  layer  of 
"good  clay,"  if  properly  deposited,  will  (for  all  practical  purposes)  stop  the 
percolation  of  water,  even  if  the  head  producing  the  percolation  is  large  in 
comparison  with  the  thiidmess  of  the  layer.  If  is  evident  that  the  better  the 
quality  of  the  clay  the  thinner  will  be  the  clay  wall  or  layer  necessary  to 
Stop  p^oIatioD,  and  therefore  the  smaller  the  danger  of  slips  caused  by  the 
pressure  of  die  clay  setting  the  gritty  material  in  motion. 

When  good  clay  and  good  grits  are  obtainable  the  construction  of  a  dam  is 
fairly  simple.  The  main  body  of  the  dam  is  composed  of  the  gritty  material, 
and  the  percolation  of  the  water  is  stopped  by  a  wall  of  puddled  ctay. 

When  two  such  materials  occur  on  the  dam  site,  and  a  junction  with  a 
continuous  layer  of  clay  in  the  strata  underlying  the  dam  can  be  secured,  the 
circumstances  may  be  considered  as  highly  favourable.  A  dam  of  this  kind 
ia  sbowB  in  Skeidi  No.  72  (n4ridi  represents  the  generalised  section  of  the 
Staines  reservoirs  dam).     Snch  dams  are  absolutely  water-tight  if  the  clay 
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layer  it  properly  deposited,  and,  since  the  clay  portion  is  snutll  io  compaiism 
with  the  gritty  portion,  no  danger  from  slips  exists. 

Let  us  assume  that  such  excellent  clay  as  London  clay  cannot  be  procured, 
and  (since  core  walls  of  other  substances  are  too  costly)  that  it  is  desired  to 
make  a  dam  of  black  cotton  soil  and  shale.  We  now  halve  a  case  resembliag 
the  Ashti  dam  (P.I.C.E.,  vol.  76,  p.  zSS).  The  thin  puddle  wall  that  suffices 
in  the  case  of  the  first  class  puddle  made  at  Staines  is  no  longer  sufGdently 
thick  to  prevent  leakage,  and  thus  from  one-third  to  one-half  (or  even  more)  of 
the  bulk  of  the  dam  is  made  of  "clay."    The  danger  of  slips  is  evidently  &r 


Sketch  No.  72.— Staines  Reservoirs  Dam. 

greater  than  in  the  first  type,  and  increases  as  the  bulk  of  the  clay  increases 
(see  Sketch  No.  73}. 

As  a  matter  of  history  such  dams  do  slip,  especially  on  the  downstream 
face.    (The  Ashti  dam  lias  not  slipped  so  lar  as  1  am  aware.) 

Proceeding  further  in  this  direction,  we  come- to  the  type  of  dam  le- 
commended  by  Strange  (Indian  Storage  Reservoirs,  or  P.l.C.E.,  vol  13J). 
Here,  the  whole  dam  is  composed  of  a  material  which  is  somewhat  more 


Skbtck  No,  73-— Ashti  Dam. 


pervious  to  water  than  black  cotton  soil,  but  which  is  also  less  liable  to  slip. 
Strasge's  specihcation  is  a  mixture  of  one  part  of  black  cotton  soil  to  one 
part  of  shale  (Sketdh  No.  74).  In  America,  Fanning  recnnmends  the 
following : 

Coarse  gravel 

Fine  gravel 

Sand 9        ij 

Clay 12        „ 

and  tests  the  mixture  by  ramming  it  moist  into  a  bucket,  and  then  asoertainbg 
if  it  will  remain  in  the  bucket  when  turned  upside  down. 
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TYPICAL  DAiiS 
The  above  discnssion  illm- 


relative  propoitioDs  of  griny 
and  cUyey  material  that  may 
occur  in  dams. 

We  now  come  to  the 
question  of  drainage.  When 
saturated  with  water  a  pure 
clay  is  for  all  practical  pur- 
poses absolutely  unstable,  and 
even  the  thinnest  clay  cores  or 
puddle  walls  mjst  be  drained. 

Returning  to  our  three 
tyiHcal  sketches,  the  puddle 
wall  of  the  Staines  reservoirs 
was  not  artificially  drained,  but 

was  erected  in  material  which  § 

provided  excellent  drainage.  ^ 

The  Ashti  dam  was  drained  C 

in    an    unsystematic    manner.  S 

Straoge's     type     is     drained  3 

systematically  in  a  way  which  JJ 

will  be  later  described.  R 

The  principles  affecting  the  'ff 

design  of  a  dam  with  a  clay  *^ 

core  may  consequently  bestated  "^ 

as  follows :  | 

The  thickness  of  the  clay  ^ 

core  depends  on  the  quality  I 

of  the  available  material,  and  £ 

must    be   sufficient    to    check  6 

detrimental  leakage.     On  the  ^ 

other   hand,    the  thicker   the  2, 

clay  core,  the  greater  the  care  § 

that  must  be  taken  to  prevent  "^ 

slips.  As  slips  are  caused  by 
leakage  of  water,  and  especially 
by  leakage  through  clayey 
material,  the  worse  the  quality 
of  the  clay  core  the  greater 
is  the  necessity  for  systnnatic 
diaioage. 

It  will  also  be  plain  that 
the  more  the  gritty  material 
diverges  from  the  ideal  of  a 
sabstance  which  is  stable,  when 
saturated  with  water,  the 
greater  ii  the  liability  to  slips. 
The  matter  is  not  practically 
so  important  as  the  quality  of 
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the  clay,  for  the  simple  reason  that  a  good  grittjr  mbmuice  u  to  moie 
common  than  a  good  clay. 

0)  The  Ordinary  7)9ir.~Here,  th«  percolation  or  leakage  thrdugfa  the  dam 
should  be  almost  negligihle.      This  type  can  conscqaently  be  conatnicted 

(a)  Material  for  forming  a  relatively  thin  impermeable  core  w^I  exists 
{"■g-  good  puddle  clay,  concrete,  masonry,  or  well  protected  steel  plates)^ 
and  its  use  is  economically  possible. 

(p)  An  impervious  stratum  of  rock,  or  clay,  must  exist  at  the  site  of 
the  dam  at  such  a  depth  below  the  natural  surfoce  that  it  is  economically 
feasible  to  make  a  practically  water-tight  junction  between  this  stiatmn 
and  the  core  wall. 

(ii)  The  Indian  Type  of  Dam  (althoogh  not  exclusively  confinod  to  IndiaX 
where  percolation  is  an  important  factor. 
Here  either : 

(s)  The  only  material  available  for  making  the  impermeable  core  is  of 
such  a  quality  that  the  core  wall  must  be  relatively  so  thick  in  proportion 
to  the  dam  that  a  large  fiaclion  of  the  dam  section  is  liable  to  slip  when 
saturated ;  or : 

{If)  No  impervious  stratum  exists  at  a  reasonable  depth  beneath  the 
dam,  and  percolation  takes  place  under  the  bottom  of  the  impenncable 
core  (whether  thick  or  thin),  so  that  the  whole  of  the  dam  must  be  cod- 
sidered  as  liable  to  si 


The  term  "Ordinary  type"  is  probably  a  mimoaicr.  The  '•ir^inmin'it 
permitting  the  construction  of  the  ordinary  type  are  common  in  the  Bntiih 
Isles,  but  do  not  occur  with  the  same  frequency  elsewhere.  British  engineers 
are  therefore  liable  to  consider  such  dams  as  the  oiUy  type,  and  to  believe  Aat 
all  others  are  risky  and  unsatisfactory. 

The  actual  facts  are  that  a  dam  with  a  reiativ^y  thick  core  waU  of  day 
which  is  not  entirely  impermeable  to  water  is  more  liable  to  ^ip  than  one  in 
which  the  core  wall  is  thin  and  of  almost  impervious  clay,  but  the  slips  only 
occur  when  drainage  is  not  systematically  attended  to,  and  then  almow 
invariably  on  the  downstream  face.  Also,  such  slips  (although  in  some  cases 
causing  the  full  supply  level  of  the  reservoir  to  be  reduced)  have  never  gnca 
rise  to  serious  disasters. 

A  dam  with  a  thick  clay  centre,  which  is  not  carried  down  te  an  imper- 
meable stratum,  is  less  safe,  but  with  careful  draiitage  can  be  rendesed 
satisfactory.  A  dam  with  a  thin  core  wall  of  good  day,  naaonry  or  concrete^ 
is  quite  safe  when  exposed  to  percoia'tion  under  the  core  waU,  if  properly 
designed,  although  it  is  by  no  means  as  water-tight  as  one  of  the  osdinny 
type. 

In  considering  the  ^ove  statements,  it  is  as  well  to  bear  in  miad  that  dms 
in  which  the  core  wall  is  not  connected  with  an  impenncable  stretmn  exist 
in  large  numbers,  and  ihat  outside  the  British  Isles,  cases  wbcie  s«cb  constrac- 
tion  is  unavoidable  are  very  frequent. 

General  Design  of  Earthen  Damn. — The  ruling  &ctors  in  the  dea^  «f  m 
earth  dam  are  therefore  two  in  number.  Good  practice  has  led  to  the  ertdotion 
of  three  types,  which  are  entirely  conditioned  by  these  two  factors 
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The  fectOTs  are  as  follows  : 

'  (i)  The  material  available  for  the  construction  of  an  impenneable  core 
trail.  This  is  either  clay  suitable  for  making  good  puddle,  or  a  cheap 
supply  of  Portland  cement,  or  hydraulic  lime,  for  fonning  a  good  concrete, 
<x  masonry  core  wall. 

(ii)  The  presence  of  an  impenneable  stratum  of  unfissured  rock  or 
day,  at  such  a  depth  below  the  dam  as  to  permit  the  core  wall  being  sunk 
to  form  a  secure  junction  with  this  stratum. 

Where  both  conditions  are  favotirable,  the  "  ordinary  type  "  of  dam  h»s  been 
evelnd.  Such  dams  are  common  in  all  countries,  and  ore  frequently  held  to 
be  the  only  satisfactory  construction. 

I  shall  later  endeavour  to  show  that  too  rigid  an  adherence  to  this  type  is 
not  only  very  costly,  but  Is  unnecessary,  whether  safety,  or  the  economical 
uiiKsatioo  of  the  stor«d  water,  is  considered. 

Wheft  good  core  wall  material  is  not  av^lafcle,  or  where  impervious  strati 
are  not  easily  rcAchod,  another  type  of  dam  (which  I  prttpose  to  term  the 
Indian  type)  has  been  evolved. 

In  this  type,  percol^ion  under  the  dam  is  guarded  against  by  careful 
drainage,  and  in  some  cases  the  dam  itself  is  porous.  While  engineers 
accustomed  to  (he  caieful  and  expensive  methods  employed  in  the  ordinary  ' 
dam  to  prevent  all  percolation,  may  consider  such  dams  as  makeshifts  at  the 
best,  many  satisfactory  examples  exist.  I  consider  that  this  type  will  probably 
be  largely  adopted  in  the  future. 

The  hydraulic-fill  dam  In  theoty  is  essentially  an  attempt  to  manufacture 
an  artificial  clay  by  a  water-sorting  process,  analogous  to  that  which  on  a 
litge  tcale,  and  over  long  periods  of  time,  actually  produces  clay  in  Nature. 

OrdlnafT  Type  of  Dam.~The  proporti(»e  of  earthen  dams  arc  solely  derived 
from  practical  experience.  Under  the  conditioaa  usually  obtaining,  i^.  practically 
DO  percolation  through,  or  under  the  core  vrall,  and  very  little  artificial  drainage 
of  any  portkm  of  the  dam  except  perhaps  the  paddle  trench  (see  p.  317)  slopes 
of  3  to  I  on  the  water  &ce,  and  a  to  i  on  the  downstream  face,  are  found  to  be 
suble. 

The  dam  is  generally  carried  up  at  least  5  feet  above  full  supply  level,  and  its 
width  at  the  top  varies  from  6  feet  in  low,  to  lo,  or  12  fleet,  and  eveh  more  in 
high  dams,  especially  if  the  top  of  the  dam  is  intended  to  carry  a  road,  or  even 

■  The  most  economical  height  can  be  determined  by  balancing  the  expense  of 
an  extra  foot  in  height  of  the  dam  against  the  cost  of  the  extra  excavation 
itqutred  to  increase  the  width  of  the  waste  weir  in  order  to  pass  off  the  same 
quantity  of  water  at  i  foot  less  bead.  As  an  example,  let  us  suppose  that  the 
length  of  the  waste  weir  is  200  feet  and  that  the  maximum  flood  likely  to  occur 
can  be  passed  off  under  a  3  feet  head.  The  top  of  the  dam  would  require  to  be 
at  least  3  feet  above  flood  level,  or  6  feet  above  the  normal  full  supply  level 
If  the  waste  weir  length  is  increased  to  200  x^j;,  =368  feet,  overtopping  will  be 
equally  well  guarded  against  wiih  a  dam  1  foot  lower  than  that  designed. 
Comparative  estimates  can  be  made,  and  the  cheaper  solution  may  be  selected. 
The  matter  can  be  expressed  in  general  terms  by  stating  that  when  a  site 
suitable  for  a  long  #aste  weir  exists,  and  the  depression  crossed  by  the  dam 
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is  such  as  to  require  a.  long  bank  to  close  it,  the  elevation  over  the  full  supply 
level  is  least,  and  as  small  a  value  as  4'feet  may  prove  economical. 

On  the  other  hanti,  in  localities  where  the  configuration  of  the  ground  is 
precipitous,  a  long  waste  weir  may  prove  very  costly ;  and,  similarly,  it  will 
usually  be  found  that  the  da.m  is  a  short  one. 

Thus,  an  elevation  of  lo,  or  even  i3  feet,  above  full  supply  level,  may  be 
advisable. 

The  matter  is  influenced  by  the  temporary  storage  of  the  flood  volume  in  the 
reservoir.  The  principles  discussed  under  Flood  Discharge  (see  p.  284)  must 
be  considered  in  drawing  up  the  final  design. 

A  comparison  with  the  designs  for  an  Indian  type  dam  will  at  once  surest 
the  possibility  of  a  slope  steeper  than  2  : 1  being  employed  on  the  downstream 
side,  provided  that  drainage  is  careliilly  attended  to.  The  question  can  only 
be  settled  by  experiments  with  the  actual  materials  it  is  proposed  to  U5«u 

A  study  of  British  dams  suggests  that  2  :  i  is  a  minimum  value  in  cases 
where  drainage  is  left  to  Nature,  and  2^ :  i  is  frequently  adopted  ;  but  it  must 
be  remembered  that  British  (and  to  a  less  degree  French  and  German)  practice 
is  still  greatly  influenced  by  vague  fears  resulting  from  the  Dale  Dylce  failure. 

In  low  dams,  the  rules  given  by  Strange  (see  p.  333}  may  be  considered  as 
perfectly  safe,  and  the  slopes  could  be  made  steeper  in  good,  well  drained 
material,  were  it  not  that  the  economy  thus  secured  is  usually  quite  inappreciable. 
Construction. — The  practical  details  of  the  construction  of  a  dam,  in- 
clliding  minutiae,  which  at  first  sight  appear  to  be  unimportant,  have,  in  reality, 
a  decisive  effect  on  its  stability. 

Taking  the  details  in  order,  we  have  as  follows  ; 
(t)  Preparation  of  the  dam  site, 
(ii)  Construction  of  the  earthwoilL    (Drainage  will  be  considered  in  the 

section  on  Indian  dams.) 
(iii)  Construction  of  the  puddle  trench  and  wall,  inclnding  its  draitu^e. 
(iv)  Pitching  and  casing  of  the  dam. 
(v)  Outlet  passages  or  tunnels,  and  valve  tower. 
Construction.— /"wjlara/Zo/i  of  the  Dam  5i/if.— The  following  spedBcation 
gives  first  class  work- 

(a)  The  whole  base  of  the  dam  shall  be  excavated  at  least  6  inches  deep, 
and  as  much  deeper  as  may  be  directed,  in  order  to  remove  all  turf,  mould, 
roots,  and  vegetable  matter,  (and  pervious  soil  if  directed).  The  turf  and 
mould  to  be  preserved,  and  to  be  used  for  soiling  the  outer  face  of  the  dam. 
(A)  All  tree  stumps  and  roots  to  be  removed,  and  the  voids  thus  pro- 
duced to  be  filled  in  with  well-rammed  material,  as  specified  under  the 
heading  Embankment. 

(1:)  Ail  field  drains  crossing  the  site  of  the  dam  to  be  traced  out,  com- 
pletely excavated,  and  to  be  refilled  with  puddled  clay,  as  specified  under 
the  beading  Puddle. 

(d)  The  base  of  the  completed  excavation  to  be  harrowed  in  a  direction 
parallel  to  the  length  of  the  dam,  so  as  to  promote  a  satisfactory  uttion 
between  the  natural  earth  and  the  embankment. 


-    The  fcdlowing  comments  may  be  made  : 

Clause  (d). — The  phrase  in  brackets  is  occasionally  required  i: 
enforce  the  removal  of  localised  pockets  or  beds  of  sand  or  gravel. 
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Clanse  (e).— This  clause  is  required  in  cues  where  the  land  is  artificially 
drained.     It  is  not  uiuallj  needed  in  hill  reservoirs. 

Gaose  {tty. — This  clause  a  of  somewhat  doubtful  utility.  It  is  usually  put  in 
in  order  to  prevent  the  bottom  of  the  stripping  beiug  lefi  smooth  and  polished 
by  the  ploughshare,  in  cases  when  the  turf,  Mc.  is  removed  by  means  of 
ploughs. 

The  least  preparation  which  can  possibly  be  regarded  as  good  practice 
consists  in  the  removal  of  the  top  6  inches  of  the  surface  soil,  and  harrowing 
the  surface  thus  exposed  at  least  twice  in  directions  at  right  angles  to  each  other. 
For  small  banks  holding  water  up  to  a  height  of  5  to  6  feet  above  ground 
level,  at  the  most,  removal  of  ail  growing  plants  by  ploughing  and  harrowing 
has  been  found  auffici^it.  In  such  instances,  the  base  of  the  dam  ia  connder- 
ably  wider  in  proportion  to  the  depth  of  water  retained  than  is  usuallytbe  case. 
Id  spite  of  the  &ct  that  the  earthwork  is  by  no  meant  so  well  constructed  as  is 
cnstomary  in  the  case  of  larger  dams,  breaches  almost  invariably  staK  with  a 
leak  mnning  along  the  old  ground  surface. 

The  junction  between  the  dam  and  die  natural  surface  is  always  a  weak 
poiDt,  and  if  there  is  any  doubt  as  to  the  quality  of  the  soil  ncposed  by  the 
ordinary  6  or  9  inches  of  strippii^,  it  is  always  better  to  go  deeper  still  In  one 
example,  where  work  was  executed  under  a  specification  corresponding  to  that 
given,  it  was  considered  necessary  to  remove  a  quandty  of  earth  equal  to 
144  incties  over  ttae  wh<rie  base  of  the  dam,  in  place  of  the  9  inches  specified. 

(ii)  CoMslruiHoH  af  tht  Eartiwork.—"  Earthen  dams  rarely  fail  from  any 
fault  in  the  artificial  earthwork,  and  seldom  from  any  defect  in  the  natural  soil 
—whidi  may  leak,  but  not  sufficiently  to  endanger  the  dam.  In  nine-toiths 
of  the  cases  the  dam  is  breached  along  the  line  of  the  wateroutlet  passages  " 
(HacAlpineX  ,  . 

This  dictura  forms  a  vory  valuable  guide  in  the  design  of  eitrthen  dams. 
Nevertheless,  in  order  to  secure  water-lightness,  and  to  minimise  the  settle- 
ment of  the  dam  after  construction,  it  is  necessary  to  deposit  the  earth;  in 
regular  layers,  and  to  roll  each  layer  well,  with  sufficient  vratering  to  ensure 
•deqnate  consolidation  under  the  roUing- 

Tbe  following  specification  is  very  complete,  and  certain  clauses  can  usually 
be  omitted :   . 

(<t>Tbe  embankment  to  be  formed  in  regUlarlayers  not  exceeding  9  inches 
in  depth  at  thebeart  of  the  embankment  and  i8<  inches  at  the  outer  parta 
and  slopes  when  spread  out.  (Tbeae  thidcnesses  to  be  measured  before 
roUii^.)  The  layers  are  to  slope  froia  the  outer  sides  down  to  the  centra 
at  an  inclination  of  1  in  12.  The  slope  of  the  earth woilc  in  a  longitudinal 
direction  during  progress  must  not  exceed  i  in  too. 

(j)  Tbe  earth  for  embanking  may  be  obtuned  from  .the  'excavation  for 
the  puddle  trench,  waste  weir  channel,  etc.  so  far  as  it  is  available,  provided 
that  the  material  is  in  accordance  with  tbe  specification.  The  remainder 
of  the  necessary  earth  must  be  taken  from  excavations  (from.inside  the 
reservoir)  as  directed,  (below  top  water  level),  and  the  excavations  are  to 
be  left  widi  slopes  dressed  not  steeper  than  4  horizontal  to  i  vertical,  and 
so  as  to  drain  into  the  main  water-course. 

{()  There  is  lOf  be  no  exgawation  within  100  feet  of  the  toe  of  the  Mn- 

bankmenL  .         .  .-: 

{it)  The  most  clayey  portion  of,  ilw  material  is  to  be  used  for  the  lieart 


,G(.K)glc 


«  CONTROL  OF  WATER 

of  the  enJbankmeiil,  and  iTiDre  especialiy  on  the  water  tide  af  the  pBddle 
wall.  '  The  more  stoney,  giavdly,  and  auidjr  portion  is  to  be  used  in  finrnint 
the  outer  parts  and  slopes,  bat  nore  especially  for  the  outer  side  <f  the 


{e)  No  turf,  peat,  mo9St  mud  or  vegetable  matter  is  to  be  put  into  the 
(heart  of  the)  embankment. 

'  (/)  The  material  for  embai^ng  may  be  brought  np  to  the  bank  nte  in 

waggons  on  rails,  bat  no  rails  are  to  be  laid  above  any  portion  of  the 


t  be  carefully  spread  oot  to  the  proper  thickness, 
\  heavy  grooved  roller,  at  least  3  tons  in  weight, 
till  quite  consolidated,  being  kept  thoroughly  moist  by  watering  as  required 
during  the  procep. 

(A)  In  any  case  when  sionas  are  laid  on  the  embankment  dioy  nrnt  be 
deposited  in  a  regular  layer,  each  stone  being  laid  on  its  flattest  bed,  ibe 
rounded  side  or  pointed  end  being  uppermost,  no  stone  being  doaer  to 
another  than  4  inches.  The  next  layer  must  connst  of  such  material  as 
will  bind  and  entirely  Sll  up  the  crevices,  and  the  whde  must  (bnn  a  com- 
pact mass,  so  as  not  to  be  liable  to  subsidencs. 

(<)  The  embanking  will  be  measured  and  paid  for  to  the  slt^jcs  and 
sections  shown,  but  the  contractor  without  extra  diaige  is  to  leave  k 
13  inches  higher  thui  the  levels  shown  at  the  highest  ponton,  and  at  oom» 
ponding  extra  heights,  accoRling  to  the  de^h,  in  oidor  to  allow  for 


The  following  comments  may  be  made  : 

-  Ctaoae  (tf).— As  it  stands  this  is  first  class  work,  and  is  pr^nUy  too  striken!. 
In  good  practice  the  sentence  in  brackets  is  frequently  omitted,  and  Iqwn  ts 
inches  at  the  heart,  and  1  leet  at  the  slopes,  arc  not  really  detrinwucaL 

-  If  a  deep  gorge  is  left  in  the  bank  (*.g.  m  order  to  pass  one  year^  floods), 
it  is  usual  to  specify  that  the  layers  shall  slops  downwards  away  from  Ae 
temporary  scar  end  at  t  in  20,  or  i  in  30.  Slips  are  coQseqnendy  lees  likely, 
but  the  gorge  method  of  disposing  of  floods  is  not  adfiuble  if  it  can  be 
avoided. 

Clause  (J)). — The  bracketed  clauses  are  not  always  required.  In  tnipicil 
otrantries,"drainage  to  themain  water-course"  may  produce  erosion,  although 
Btagnant  water  is  liable  to  induce  fever,  and  should  therefore  be  avoided. 

Claase  (f).— The  distance  depends  on  the  height  of  tlic  bank,  and  "two" 
or"  three  times  this  height "  appears  to  be  a  more  logical  method  of  ^todfication. 

Clause  (ij). — This  is  very  good  practice,  but  unless  meilced  variations  in 
the  quality  of  the  esfrth  procured  are  anticipated,  it  most  be  realised  that  the 
contractor  will  charge  from  one-eighdi  to  (Hie-sixth  extra  rates  Cor  this  clause. 

'  Clonse  {«).— It  would  be  better  to  entirely  reject  these  materiala,  naag  the 
'ttnf  for  sodding  the  outer  slopes  of  the  bank.  In  some  cases,  "all  vegetable 
earth  or  mould"  is  rejected,  aa<A  there  is  little  doubt  tiuR  better  woif:  is  thus 
produced. 

Clause  (/).— The  use  of  rails  on  an  embankment  gives  rise  to  difficulty  in 
spreading  and  rolling  the  layers.  If  good  inspection  can  be  relied  npmi  it 
appears  preiaable  to  permit  the  use  <rf  rails,  and  to  specify  that  they  must  he 
shifted  at  least  6  feet  sideways  at  every  rise  of  two  layers. 

Ra&  diould  not  be  permitted  wiAin  10  or  15  (ptefcraUy  30  or  30)  feet  erf 


ly  Google 


WMTGHT  OF  EARTitWORK 


3«9 


tbe  edge  of  tbe  pnddk  trencb  or  rail.  The  eraction  of  trettlM  on  the  bank  to 
uiry  Tulfl  ihoulid  be  entirely  prohibited. 

Clause  (g). — In  KMue  cnet,  the  number  of  roUings  is  specified,  and  rolling 
across  die  breadth  of  tbe  bank  by  lighter  rollen  is  required. 

Clause  (jfcX — Stones  should  be  used  for  the  stone  drains,  and  toe  wall  referred 
to  on  page  33;.     If  an  excess  of  stones  remains,  this  clause  is  usefuL 

Clansa  (t).— The  shrinkage  allowed  is  usually  at  tbe  rate  of  1  foot  in  40  01 
JO  feet  height. 

Tbe  comet  fiilfihiMnt  of  the  abore  specificatiDn  is  costly,  and,  in  ocdar  to 
minimise  the  uncertainties  which  the  contractor  has  to  face,  it  would  aeem 
advisable  to  systematically  investigate  the  amount  of  roUing  and  watering 
TMTfssiry  to  prodnce  satiifectory  consoUdatina  in  the  manner  indicated  below, 
and  to  apiicnd  a  statement  ef  the  results  to  tbe  specificatioD  as  an  indication 
of  the  ivobable  cost.  The  legal  teohnioJifies  which  ntuot  be  observed,  in 
order  to  prevent  the  eypanmentH.bebg  onnstmed  as  part  <A  the  specification 
vtt  not  disassed. 

As  an  indication  of  the  increased  expense  over  ordinary  earthwork,  I  may 
state  that  thb  bank  cost  about  four  times  as  much  as  the  same  contractors,  in 
the  same  locality,  charged  for  ordinary  earthwork  constructed  under  somewhat 
less  favourable  conditions  as  regards  the  quantity  of  earth  per  yard  forward  of 
the  bank  ;  and,  judging  by  other  tenders,  the  reservoir  bank  prices  were  closely 
cut  with  a  view  to  obtaining  the  contract 

Since  the  object  of  this  somewhat  costly  treatment  is  to  obtain  a  thorough 
const^idation  of  the  earthwork,  systematic  tests  should  be  made  by  excavating 
test  pits  of  measured  size,  in  the  natural  earth  and  bank,  and  weighing  tte 
excavated  material. 

Tbe  results  should  be  approximately  as  follows  : 


Weight  in  Lbs.  per  Cube  Foot. 

First  Exaniple. 
MeanofajBjtpet?- 

As  eKen  by  Bassell 

II6-S 
8o-o 

Natural  earth  as  found  in  borrow 
pits      .        . 

Ditto,  as  thrown  into  wag- 
gons      

Earth  in  dam  as  found  in  trial 
pits 

118 

136 

1  am  inclined  to  believe  that  anything  less  than  iz  per  cent  extra  weight  per 
cube  foot  of  tbe  dam,  when  compared  with  the  natural  eardi,  is  an  iadicatton 
of  bad  work,  but  the  fuFesl  method  is  to  compare  the  results  in  the  dam  with 
iboM  of  carefully  superintended  ramming,  carried  out  in  a  bricked  pit  about 
6  feet  X  6  feet  x  18  inches  deep  (a  smaller  siie  is  undesirable,  as  the  earth 
packs  against  the  udesX  with  smoothly  cemented  sides  and  bottom  (see  p.  332). 

It  is  very  important  to  prevent  any  hunps  being  left  on  the  slopes  of  an  6m- 
baoloMst,  outside  the  finished  section,  even  as  a  temporary  expedient  Such 
bumps  s«t  up  MiWiM^  and  CnclwafB  likely  to  occur  in  dM  bank  just  above  the . 
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bump,  as  per  Sketch  No.  7;.  In  one  particular  case,  where  a  hump  some  100 
yards  long  had  been  made,  on  which  to  lay  rails  for  the  transport  oi  earth,  a 
crack,  approximately  one-eighth  of  an  inch  wide,  and  some  jo  yards  long,  formed 
in  the  spot  marked  A,  and  was  in  certain  places  more  than  6  feet  deep,  as  tested 
by  probing  with  a  cane.  No  doubt  the  shocks  of  the  locomotives  and  exposure 
to  a  temperatnre  of  tzo°  F,  had  some  effect,  but  the  crack  occurred  in  the  exact 
position  that  theory  would  indicate.  Such  a  crack  may  form  a  siaiting-point 
for  a  slip,  even  after  the  hump  is  removed  and  forgotten,  and  two  cases  where 
a  bad  slip  in  the  side  of  a  cutting  has  been  traced  to-  a.  hump  left  temporarily  in 
Che  excavation  slope  have  occimed  in  my  own  experience. 

(iii)  Puddle  Trttteh  and  Wall.— -Pi.  bank  cmstructfed  according  to  the  above 
specifications  is  by  no  means  water^ght  in  itseU;  except  under  very  broonble 
circumstances  ;  and  in  order  to  prevent  leakage  it  is  necessary  to  provide  a  core 
wall,  or  impermeable  partition.  Tliis  is  carried  up  say,  3  feet  above  the  ""■"'""'" 
high-water  level,  and  down  to  solid  rock,  or  other  impervious  stratun. 

While  a  wall  of  either  puddle  clay  or  concrete,  or  a  masonry  core  wall  (when 
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of  proper  construction  and  proportions)  will  produce  a  perfectly  satis&ctory 
result,  the  general  practice  of  engineers  appears  to  fevour  a  puddle  waQ,  wherever 
clay  capable  of  forming  a  good  puddle  is  obtainable. 

The  practice  seenis  logical  if  the  portion  of  the  impervious  wall  above  ground 
level  is  alone  considered,  This  is  embedded  in  the  dam,  and  is  exposed  to 
stresses  and  deformations  caused  by  the  settlement  of  the  dam.  Such  actions 
are  best  resisted  by  an  easily  yielding  substance,  such  as  good  puddle  clay, 
rather  than  by  rigid,  and  therefore  more  easily  fractured  materials,  such  as 
concine  or  masonry.  If,  however,  we  also  consider  the  filling  of  the  trench,  the 
advant^es  of  puddle  are  not  so  manifest,  and  concrete  or  masonry  may  be 
regarded  as  equally  sound  from  a  constructional  point  of  view. 

The  following  specification  shows  the  method  by  which  first  class  puddle  is 
made,  and  laid  in  position  in  a  temperate  dimate  : 

Id]  The  puddle  to  be  made  from  day  approved  by  the  c^ineen. 
'    (i)  AU  stones  (exceeding   three  inches  in  maximum  dimeosioDs)  to  be 
removed,  and  the  clay  to  be  left  exposed  in  layers  not  more  tbaa  ra  inches 
thick  for  at  least  34  hours,  and  to  be  watered  one*  or  more  as  directed. 
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{t)  The  soured  clay  to  be  passed  through  an  approved  pug  mill,  or  to  be 
otherwise  reduced  to  a  homogeneous  mass. 

frf)  The  broken  clay  to  be  deposited  in  layers,  and  watered  as  directed, 
and  to  be  allowed  Co  weather  for  at  least  a  week. 

if)  The  puddled  clay  to  be  deposited  in  the  trench  or  wall  in  layers  not 
exceeding  3  inches  in  thickness,  and  to  be  well  cut  up  by  an  appropriate  tool  at 
least  6  inches  long,  so  as  to  be  incorporated  with  the  lower  layer. 

(/)  All  clay  surfaces  in  tbc  puddle  wall  or  trench  to  be  covered  with  bag*, 
or  to  be  otherwise  protected  against  drying,  and  failing  materials.  The  old 
surfaces  to  be  well  heeled  over,  or  to  be  otherwise  cut  up  before  new  puddle 
is  deposited.  Alt  puddle  which  has  become  dry,  cracked,  or  muddy,  or  mixed 
with  impurities,  to  be  replaced  by  approved  puddle. 

ig)  The  filling  of  the  puddle  trench  to  commence  at  the  deepest  point,  and 
to  be  carried  on  right  and  left  continuously,  but  no  portion  of  the  trench  bottom 
to  be  covered  up  until  it  has  been  inspected  and  passed  by  the  engineer. 

W  The  filling  of  the  puddle  wall  to  be  carried  up  simultaneously  with  the 
construction  of  the  bank,  and  between  properly  supported  timbers.  The  top 
of  the  puddle  clay  to  be  at  least  3  inches,  and  not  more  than  1 2  inches,  above 
the  eaithwoik. 

if)  AH  timber  stringers  and  walings  to  be  removed  from  the  puddle  trench, 
or  wall,  as  the  clay  is  deposited. 

The  following  comments  may  be  made  : 

Clause  (a).— The  teats  for  suitable  clay  are  described  on  p^e  311. 

Clause  (^). — The  period  of  "souring"  and  the  amount  of  watering  depend 
m  the  properties  trf  the  clay.    The  period  specified  is  a  usual  one. 

(lO — This  process  is  very  variable.  As  a  rule,  a  week's  weathering  in  thin 
layers,  with  watering  three  or  four  times,  suffices  in  a  moist  climate,  like 
England ;  bat  in  some  cases  better -material  is  secured  if  the  puddle  is  taken 
"firect  from  the  pug  mill  and  deposited  in  the  trench. 

Clause  (/),— Three- inch  layers  are,  if  anything,  somewhat  thin.  A  6-inch 
layer,  if  well  cut  up  and  spaded  during  deposition,  gives  good  results.  The 
best  results  are  attained  when  the  puddle  is  cut  into  blocks  about  the  size  of  a 
brick,  which  are  forcibly  thrown  into  place,  while  a  gang  of  men  cut  up  the 
surface  of  the  lower  layer  with  spades,  or  by  means  of  their  heels. 

Clause  (/). — Old  surfaces  should,  as  far  as  possible,  be  avoided.  If  puddle 
has  to  be  deposited  on  an  old  surface,  a  paring,  say  half  an  inch  thick,  should 
be  taken  off  so  as  to  exptose  a  clean  surface.  The  bags  will  usually  need 
watering  daily,  and  any  mud  thus  produced  should  be  removed  before  fresh 
puddle  is  deposited. 

Clause  (A).— Unless  the  puddle  is  carefiilly  supported  both  during  and 
after  deposition,  it  is  liable  to  split,  and  fell  asunder.  A  puddle  wall,  built 
between  walls  of  sods,  has  been  known  to  burst,  almost  as  badly  as  a  wail  of 
water.  The  clay  was  probably  too  wet,  but  puddle  which  lias  once  cracked 
will  not  re-unite,  unless  taken  out  and  again  kneaded  up. 

Clause  (»}.— The  runners,  or  poling  boards,  should  be  lifted  so  that  their 
bottoms  are  slightly  above  the  top  of  the  layer  which  is  being  deposited,  and 
lumps  of  puddle  should  be  thrown  into  the  space  thus  left  vacant.  If  the 
runners  are  drawn  after  puddle  is  deposited  against  them,  cracks  may  be  set 
up-  In  unstable  soil  this  work  may  be  dangerousr  and  in  such  cases  .concrete 
11  usually  employed  for  filling  the  "  puddle"  trench. 
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The  most  important  tests  for  clay,  suitable  for  pnddla,  ue  thoM  (br 
tenacity,  and  iinp«nneability.  For  tenacity,  after  weatbering,  wateiii^,  and 
carefully  working  up,  make  a  roll  i  to  i^  indi  in  diameter,  and  lo  to  ii  inches 
long.  This  should  not  fall  apart  when  held  up  by  one  end.  For  impermeability, 
I  to  3  cube  yards,  properly  prepared,  as  above,  should  be  formed  into  a  basin 
to  hold  4  to  5  gallons  of  water,  and  the  loss  after  24  houn  observed ;  evaporaQoo 
being  determined  in  an  equal  impermeable  basin. 

Earth  suitable  for  puddle  generally  f^ves  a  clayey  odour  when  breathed 
upon  \  is  opaque,  and  not  crysCalJine  in  fracture  i  is  unctuous  to  the  touch,  and 
when  kneaded  for  three  minutes  and  then  formed  intq  balls  about  3  inch  in 
diameter  does  not  fall  apart  under  less  than  4S  hours'  spakipg  in  water. 

I  would,  however,  point  out  that  the  above  are  the  crystallised  experience  of 
generations  of  British  Clerks  of  Works  regarding  British  clays,  and  that 
(especially  In  foreign  countries)  puddle  can  be  obtained  from  clay  which  does 
not  entirely  pass  these  tests. 

As  an  example ;— so  far  as  I  am  aware,  no  clay  exists  in  the  Puitjab  which 
passes  these  tests  in  a  perfectly  satisfactory  manner ;  yet  L  have  found  that 
by  careful  treatment  (and  especially  by  a  longer  weathering  than  is  usually 
required  with  British  clays)  a  very  line  puddle  can  be  obtained  ftom  material 
which  in  the  raw  state  looks  like  a  clayey  loam  ;  but  which,  when  weathered 
for  three  months,  with  watering  every  third  day,  produces  a  puddle  which,  in  a 
thickness  of  one  foot  only,  allowed  water  to  percolate,  under  6  fi^et  head,  at  a 
rate  of  03  to  06  cusec  per  million  square  feeL  The  earth  was  not  unctuous 
to  the  touch,  and  contained  some  grit.  When  rolled  for  the  tenacity  tests,  the 
greatest  length  that  could  support  itself  was  (t  inches,  and  3-inch  balls  fell  in 
pieces  after  30  hours  at  tjie  most. 

It  may  be  noted  that,  while  pmre  clay  forms  the  best  puddle,  provided  that 
it  is  never  exposed  to  evaporation,  or  to  d:7ing  by  capillary  action,  ye^  where 
drying  by  evaporation  can  occur,  4  certain  admixture  of  sand,  varying  finm 
10  to  even  25  per  cent,  is  advisable,  in  order  to  prevent  cracking.  The  exact 
ratio  is  easily  found  by  experiments  on  a  sntall  scale. 

The  section  of  the  puddly  wall  is  generally  either  uniform  throughout,  at 
is  sloped  as  in  Sketch  No.  73.  The  slope  is  advantageous,  as  any  slight 
settlements  only  tend  to  consolidate  the  wall.  The  minimum  thickness  in 
usual  practice,  (the  day  at  Staines  was  exceptionally  good)  is  5  10  6  feet  at 
the  top  of  the  wall,  and  one-fifth  the  depth  of  the  water  retained  at  ground 
level. 

Where  the  clay  is  not  considered  to  be  of  first  class  quality,  these  thick- 
nesses may  be  increased  to  8  feet,  and  one-third  the  depth  of  the  water 
retained. 

Where,  as  is  occasionally  the  case,  screened  gravel  is  mixed  with  clay,  the 
thickness  must  be  still  further  increased,  but  such  examples  are  apprw^buig 
the   Indian  type  of  dam  and  should  consequently  be  considered  under  that 

The  puddle  trench  is  carried  down  at  least  3  feet,  (and  preferably  4 
feet)  into  the  impermeable  stratum.  The  width  of  the  excavadoa  will  depend 
on  the  depth  of  the  trench,  and  is  estimated  from  the  ordinary  rules  for 
limbering  trenches.  Roughly  speaking,  a  timbered  trench  has  a  minimum 
width  of  (s  +   ~lf*  )  feet.  »«<*  sucb  a  width  is  usually  am(Jy  sufficient  for 
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tbe  puddle  thkknen  required  to  prerent  percotxtion.  If  a  smaUer  widtfa  ia 
adviaable,  the  nilcs  for  puddle  walls  may  be  firilowed,— «^.  ose-third  tbe  depth 
of  water  at  the  top,  tapeiing  to  5  feet  at  tbe  bottom. 

It  is  extremely  important  thai  right  angles  should  not  appear  either  in  the 
cross,  or  loDgitudinal  section  of  tbe  puddle  trench.  Sketch  No.  76  showi  what 
happens  duriog  settlement,  and  further  comment  is  unnecessary.  Thus,  tbe 
section  of  a  trench  timbered  after  the  usual  walings  and  mnner  method 
(Sketch  No.  77)  is  badly  suited  for  filling  with  puddle,  and  certain  risky  and  even 
dangerous  trimming  has  to  be  effected.  The  poling  board  method  (Sketch 
No.  i29)producesabetler  section,  but  the  actual  excavation  is  less  easily  effected. 
When  the  trench  has  been  taken  out  10  such  a  width  that  the  puddle  would  be 


YoidS|3aces 
Puddle 


hard  Matierial 


abnormally  thick  if  the  whole  trench  were  re-filled  with  puddle,  engineers  have 
in  some  cases  re-fitled  the  trench  with  a  thinner  wall  of  concrete,  as  being  a 
substance  less  easily  rendered  permeable  by  mixture  with  the  earth  or  gravel 
used  for  re-fiUing  ^e  surplus  width.  The  substitution  is  quite  justifiable,  as 
settlement  stresses  of  a  character  sufficiently  intense  to  mpture  «  $  or  6-f6ot 
wall  of  good  uincrete  arc  unlikely  to  occur  in  a  narrow  trench  below  ground 
level.  The  only  weak  points  are  the  junction  with  the  puddle  wall  above,  or 
near  to  ground  level,  and  the  general  unpermeability  of  the  concrete.  These 
will  be  discussed  later. 

The  minutise  connected  with  laying  the  first  layer  of  puddle  deserve  con- 
sideration, .    In  all  cBsea  a  y-inch  layer  ihauld  be  carefolly  laid  over,  the  whole 
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bottom  of  tbe  trench,  in  order  to  ensare  a  junction,  and  should  tbm  be 
removed.  This  [iroduces  a  very  elective  removal  of  all  loose  nfiittcr  and 
dirt  from  the  bottom  of  the  trench,  which  might  otherwise  form  a  line  of 
weakness. 

In  cases  where  the  quantity  of  water  flowing  into  a  puddle  trench  is  large, 
tbe  puddle  should  not  be  washed  over  by  the  flowing  water. 
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Skrtch  Na  77.— Gulsnd  fai  &  Puddle  Trendi. 


s  enough  to  make  a  small  grip  or  trench  in  the  puddle,  oa  one 
side  of  the  trench  (or  on  both  if  the  water  enters  on  two  sides),  and  to  alio* 
tbe  water  to  collect  and  run  ofT  to  tbe  nearest  pump.  If  the  quantity  of  watt 
is  sufficient  to  damage  or  wash  away  the  clay  by  thus  running  over  it,  special 
devices,  must  be  employed. 

.The  ideal  method  is  of  course  a- garland  (^timber  and  clay,  fonned  all 
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aJong  the  trench  at  the  level  of  Ibe  bottom  of  the  lowest  waieT-yielding  si 
Sketch  No.  77  shows  the  detaila.  This  is  costly,  and  either  the  width  of  the 
trench  may  prove  insufiicieDt,  or  the  water  may  issue  in  large  quantitiea,  almost 
down  to  the  bottom  of  the  trench. 

Id  one  case,  the  problem  was  solved  by  laying  6'inch  agriculiiiral  drain 
pipes  with  open  joints,  on  each  ade  of  the  bottom  of  the  puddle  trench,  which 
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Skbtch  No.  78.— Filling  of  a  Puddle  Trench. 

conducted  the  water  to  a  pump  sump.  In  front  (see  Sketch  No.  78)  two  walls 
of  14-inch  brickwork  in  cement  were  built,  which  were  carried  up  above  the  top 
of  the  water-bearing  atratum.  The  space  between  the  walls,  to  about  3  feet 
below  their  top,  was  filled  in  with  concrete  consiating  <tf  1  Pordand  cement, 
2  ballast,  and  1  sand.  The  puddle  wall  was  laid  on  top  of  this.  When  the 
puddle. wall  had  reached  ground. level,  pumping. was  stappni;  and- aAer  the 
ground  water  had  ceased  to  rise,  the  .whole  of  the^pnmp.pipec  and.  AaisB  Iwere 
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filled  with  cement  grout.     It  is  open  to  doofat  wliether  the  draki  pipes  were 
either  properly  filled,  or  really  required  to  be  filled. 

In  another  case  (Sketch  No.  79),  where  due  to  gome  miscalculadon,  die 
pump  shaft  had  been  sunk  on  that  side  of  the  puddle  trench  from  wbidi  the 
water  did  not  issue,  a  9-inch  cast-iron  pipe  with  a  creeping  collar  was  laid 
across  the  trench,  and  the  whole  bottom  of  the  trench  was  then  corered  with 
concrete,  consisting  of  1  Portland  cement  to  3  gravel  and  sand,  to  a  depth  of 
about  3  feet,  i.e.  to  a  height  of  about  1  foot  above  the  level  of  the  n:iain  entrance 
of  the  water.  When  this  was  set,  a  brick  and  concrete  wall  was  built  on  top  of 
it,  the  water  being  led  by  grips  and  drains  (usually  lined  with  wooden  launders) 
to  cast  iron  pipes,  connected  with  the  9-inch  pipe,  and  carried  up  as  the  puddle 
wall  rose.  When  the  work  was  finished,  a  dead  end  was  fixed  to  the  lower  end 
of  the  pipe  in  the  pump  shaft,  and  the  whole  pipe  was  filled  in  with  cement 
grout.  The  tunnel  between  the  puddle  trench  and  the  pump  shaft,  together 
with  the  lower  10  feet  of  the  pump  shaft,  were  built  up  in  brick  and  coocrele, 
well  grouted,  and  the  rest  of  the  pump  shaft  was  filled  with  puddle. 
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Skbtch  Na  79.— Filling  ota  Fuddle  Trench. 

The  only  remark,  that  it  is  necessary  to  make,  is  that  when  modern  Portland 
cement  is  used,  a  well-proportioned  concrete  will  probably  be  water-tig^t,  with 
less  than  one  part  cement  to  three  parts  of  sand  and  gravel.  In  cases  where 
the  whole  "  puddle  "  trench  is  to  be  filled  with  concrete  (as  now  seems  to  be 
coming  into  fashion),  similar  precautions  are  necessary ;  but  the  real  weakness 
lies  in  the  possibility  of  the  concrete  failing  to  join  properly  at  the  end  of  each 
day's  work.  In  spite  of  the  obvious  disadvantages  of  night  work,  wherever 
possible  it  is  best  to.  lay  the  concrete  day  and  night,  without  intermission, 
imtil  finished.  This  is,  however,  frequently  quite  impracticable,  and  in  such 
cases  the  following  specification  may  be  adopted  : 

^  All  concrete  surfaces  over  34  hours  old  to  be  [Ucked  over,  «nuibed 
widi  water  under  ijo  lbs.  per  sqtare  inch  pressure,  and  all  loose  chip* 
ramoved  Over  this  surface  spread  aad  careftilty  woric  into  *11  conten 
ft  i-inch  lay«r  of  cement  mortar  (t  cenient  to  3  of  MndVand  upo«  ibil 
lajrtlMQewcoqcTOIc^  wpridn^itwaU  withfortcB."-      ...^ ■  -  > 
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Ev*ii  thti  amount  of  pncantton,  combined  with  very  dose  mipectiOR,  raxf- 
fidi  to  procure  a  proper  union.  On  examinMioa  of  the  defective  spot  s  hoUov 
(say  i  to  I  Inch  deep),  will  be  found  in  the  old  work,  in  which  water  tends  to 
collect  This  water  may  prove  sufficient  to  drown  and  wash  away  the  cement 
from  the  mortar  placed  upon  it ;  and  small  pockets  of  sand  (it  may  be  only 
A>  or  ^  of  an  inch  jo  thickness)  will  remain.  The  action  only  occurs  in 
shallow,  basin-thaped  depressions,  with  sides  the  slope  of  which  is  not  ateep 
enough  to  prevent  the  pressure  of  the  new  tnortu  forcing  the  water  away 
j^^itnt  gniTity,  with  a.  vdocity  adequate  to  carry  off  the  finer  partides  of 
cement  (which,  as  b  well  known,  alotie  potsesi  cementittg  propcrtiei).  1  have 
tberefcre  found  it  best  to  direct  that  all  sor&ces  on  which  concrete  will  later  be 
deposited  shall  be  laid  to  a  slope  of  i  in  12,01-  15;  either  towards  the  edge  of 
the  trench,  or  bettei;  still,  towards  the  scar  end  of  the  work.  The  mortar  should 
be  as  dry  as  is  consistent  with  filling  the  small  interstices  of  the  old  work. 
Vertical  Sides  of  old  wwk  also  need  pcking  over,  and  ihodd  be  laid  with 
chases,  which  are  easily  formed  by  the  insertion  of  a  log  of  timber  behind 
the  shuttering.    Such  precautions,  combined  with  careful  inspection,  prevent  all 

The  above  described  methods  may  be  regarded  as  applicable  to  cases  where 
artificial  drainage  of  the  puddle  trench  is  considered  necessary.  In  British 
work,  drainage  is  far  more  common  than  is  usually  reported.  There  is  a 
general  belief  that  leakage  through,  or  under  a  well  made  puddle  wall,  is  dis- 
creditable. Such  a  standard  of  workmanship  is  laudable,  but  water  (whether 
leakage  or  otherwise)  has  only  a  certain  value  ;  and  it  is  far  better  to  provide 
for  such  leakage  than  to  ignore  it,  more  especially  as  (if  collected)  such  leakage 
can  be  credited  to  the  compensation  water  allocated  by  Parliament. 

HiB  {P.I.C.E.,  vol.  132,  p.  308)  acknowledged  the  existence  of  leakage,  and 
put  in  a  pipe  which  (or  some  years  delrvovd,  as  compentatioa  water,  about  a'8 
cusec,  which  leaked  through  fissures  below  the  puddle  tiench.  Finally,  the 
|Mpe  silted  Vf,  and  ceased  to  flow.  We  may  therefore  consider  that  Hill  in  this 
manner  giadually  stanched  the  leakage.  Such  stanchings  aie  most  desirable  j 
since,  if  any  leakage  continues  through  puddle,  the  effect  is  to  gradually  wash 
away  the  day  particles,  replacing  them  by  sand.  Cases  have  occurred  where 
vertical,  sand  filled  fissures  a  inches  wide,  and  40  feet  high,  have  been  found 
when  old  puddle  trenches  or  walls  were  opened.  The  fact  that  the  pipe  silted 
up  tather  suggests  that  some  such  action  began  in  this  case,  and  was  arrested 
before  any  harm  occurred.  If  this  be  so,  the  design  should  be  regarded  as 
productive  of  a  very  desirable  result. 

Coax  Walls  and  Trbnchss  or  Materials  othrk  than  Puddle.— U 
India,  and  in  tome  parts  of  America,  good  puddle  day  is  not  easily  obtainable. 
The  water-tightness  of  a  dam  is  then  nsnally  secured  by  a  core  wall  of  masonry 
or  concrete.  In  late  yeais,  armed  concrete,  asphalte  and  concceM,  or  steel 
plates  buried  in  concRts,  have  abo  been  nsed.  AU  these  wnm  to  give  satis- 
factory rtmlts  wfatn  proper  workmanship  Is  obtained,  and  no  method  gjves 
sntisfiictory  results  if  carelessly  applied. 

ConMderations  of  cost,  together  with  the  available  labour  and  materials, 
■Ktsi  determiiM  th«  choice.  These  walla,  nnBke  puddle,  being  rigid,  do  not 
adapt  theoiselva  to  the  setdement  of  the  earth  bank,  and  must  c4»sequently 
be  made  of  siddcnt  strength  to  resist  the  stresaes  induced  by  settlement. 

Th«  following  investigation,  atthougb  by  no  means  complete,  leads  to  a 
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■atis&ctory  sectioo,  provided  that  the  earth  bank  is  carefully  constructed, — «'•/• 
is  deposited  in  tbin  Uyers  (say  18  inches  to  2  feet  thick  at  the  most)  ;  the  layen 
being  laid  horizontally,  or  sli^tly  inclined  towards  th«  core  wall,  and  being 
well  rolled  and  watered  according  to  some  such  $peci6cation  as  that  already 
quoted. 

Draw  from  the  base  of  the  core  wall  (Sketch  No.  80)  : 

(i)  On  the  waterside  a  line  ab,  inclined  to  the  horizontal,  at  an  angle 
^  equal' to  the  angle  of  repose  of  the  saturated  earth,  i.e.  0= 10  to  23  d^rees. 

(ii)  On- the  downstream  side  a  line  cd,  inclined  at  6  to  the  horiiontal,  where 
6  is  the  angle  of  repose  of  the  rammed  earth,  i>.  3=45  to  55  degrees. 

Calculate  the  areas  of  the  portions  of  the  cross-section  of  the  dam  cut  off 
by  tbese  lines.     Rou^y  they  are, — with  0=3o  degrees,  and  a  3  :  i  slope, 

%h*,  on  the  water  side  ;  and  with  fl=4S  degrees,  and  a  2 !  i  slope,   --,  on  the 

downstream  side,  where  h,  is  the  height  of  the  core  wall.    The  weights  of  the 


Sketch  No.  So. —Stability  of  a  Misonty  Core  Walt. 


earth  may  be  assumed  as  160,  and  133  lbs.  per  cubic  foot,  so  that  the  core 
wall  has  to  sustain  a  Arust  of 

A»(  1 60  X  i  - 1 32  X  i)  lbs.  per  foot  run, 

or  76A',  lbs.  say ;  and  if  the  thickness  of  the  wall  is  x,  feet,  its  ulthnate  re- 
shear  when  composed  of  concrete  is  about  30,coo  x  lbs.  per  foot 


Thus,  for  strength  only, . 


where  /  is  the  factor  of  safety,  equal  say 


to  2,  in  view  of  the  extremely  adverse  assutnptions  made.  Unless  *,  be  great, 
this  will  usually  lead  to  smaller  values  of  x,  than  those  indicated  by  practical 
experience,  as  requisite  to  stop  percolation  through  the  wall. 

Such  niles  are  given  by  Herschell  {P.T.C.E.,  vol.  132,  p.  255)  as  follows: 

In  first  class  work,  4  to  5  feet  thick  at  the  bottom  of  the  trench,  enlargii^ 
to  '8  feet  at  the  natural  surface,  and  tapering  off  to  4  feet  at  the  top  of  the  wall. 

Wegmann  {ibid.,  p.  267)  designs  the  coie  wall  of  a  proposed  dam  retaining 
96  feet  of  water,  as  6  feet  wide  at  the  top,  i^.  100  feet  above  ground  level ; 
enlarging  to  15  feet  at  the  ground,  and  18  feet  at  3333  feet  below  (bis  levd, 
and  thtiti  contiritihig  at  the  same  width  to  the  bottom  of  the  trench. 

As  a  contrast,  Heischell  states  that  a  wall  a  feet  thick  over  its  whole  hoiglit 
has  sufficed  to  form  a  saltsfoai«ry  stop  for  perc^tion. 
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Sketch  No.  8 1  shows  a  design  founded  on  Wegm&nn's  design  (iM/.),  bat 
modified  in  accordance  with  the  results  of  the  experiments  on  permeability 
leferrcd  to  on  page  348.  There  is  no  doubt  that  a  dan)  of  this  type  can  TCtain 
;o  feet  of  water,  and  a  priori  there  is  no  reason  why  it  shoukl  not  be  as 
safii  as  puddle-cored  dams  which  already  retain  80  to  90  fi^t  of  vater  satis- 
factorily. The  slopes  will  be  seen  to  differ  considerably  from  those  adopted 
in  puddle  cored  dams.  So  far  as  can  be  judged  these  differences  are 
allowable. 

Since  the  masonry  core  wall  is  presumably  more  permeable  than  a  puddle 
wall,  the  water  face  is  better  drained  and  therefore  less  likely  to  slip,  and  is 
partially  supported  by  a  rigid  wall.  Hence,  a  slope  steeper  than  3  to  I  is 
permissible,  although  whether  so  steep  a  slope  as  z  to  I  is  advisable  in  a 
high  dam  is  doubtful.  Similarly,  the  downstream  side  is  likely,  to  be  m«re 
saturated  than  in  a  puddle  cored  dam ;  thus,  the  paved  and  drained  berros 
fimn  a  rational  precaution.  The  core  walls  should  increase  in  thickness 
below  the  natural  surface  level,  until  a  stable  (although  not  necessarily 
impermeable)  stratum  is  reached.    The  earthwork  should  be  constructed  with 


Sketch  No.  Si.— Dam  with  Masonry  Core. 

precautions  similar  to  those  adopted  in  puddle  core  daffis,  and  some  such 
mixture  as  Fanning's  (see  p.  302)  appears  advisable,  'fhe  wall  being  rigid 
is  probably  less,  fitted  than  a  good  puddle  wall  to  sustain  large  differences  in 
water  pressure-  Thus,  some  arrangement  of  pipes  through  the  wall,  connected 
with  drains  might  be  advisable  to  prevent  large  differences  of  water  pressure 
existing  on  either  side  of  the  wall. 

The  rules  given  above  will  probably  not  suffice,  if  direct  water  pressure  is 
permitted  to  act  on  the  core  wall,  which,  may  happen  if  the  -bank  is  not 
properly  consolidated.  The  stresses  thus  developed  in  a  core  wall  ,taxj  be 
approximately  estimated  by  a  consideration  of  the  results  of  the  Croton 
observations  (see  p.  348). 

It  appears  that  if  the  dam  is  well  made,  a  pressure  equivalent  to.  10  or 
15  feet  head  pf  water  must  be  sustained.  Thus,  calculations  on  a.  basis  of 
resisting  the  bending  moment  produced  by  1500  to  1600  lbs.  per  square  foot 
over  the  whole  area  of  the  wall  will  probably  lead  to  a  sufficient  margin,  .even 
if  the  earth  is  only  moderatply  well  consolidated. 

It  may  be  suspected  that  some  such  action  occurred  in  the  old  Bhim  Thai 
Dam  core  wall,  which  Ashhurst  (,PJ.CM.,  vol.  75,  p.  202)  describes  as  40  feft 
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high,  lo  fe«t  wide  at  the  bottom,  and  4  fen  wide  at  the  top,  buried  in  a  dam 
JS  feet  wide  on  the  top,  which  failed  near  the  oudet  tunnel.  Consequently, 
core  walls  cannot  be  considered  as  substitutes  for  good  workmanship  in  the 
•anh  work ;  althong^h,  if  the  dam  is  Overtopped,  they  may  save  a  disaster  by 
temporarily  preventing  the  entire  desttuctton  of  the  dam  by  erosion. 

It  is  also  necessary  to  refer  to  the  old  American  method  of  constructing  a 
core  wall  and  cut  off  of  wooden  sheet  piling.  See  Sketch  No.  loi  ftir  best 
details.  The  tendency  to  eventual  decay  is  obvious ;  but,  in  view  of  the 
present  price  of  tiuiber,  such  construction  is  unlik^  to  be  adopted  in  the 
future.  Nevertheless,  when  adopted  as  a  temporary  measure  (and  where 
the  silt  content  of  the  stored  water  is  sufflci^it  to  ensure  eventual  stanching 
by  interstitial  silt  deposit,  due  to  percolation),  the  construction  appears  to 
be  justiflable,  provided  that  its  limitations  are  thoroughly  realised  by  the 


WiifiKt  eland  a^tStaltr Jet  Lm 
SKrrcH  No.  8a.— Cott-Iron  Pllea  □sedhi 


The  flat,  cast  iron  piles  (Sketch  No.  82}  used  in  Egyptian  weirs  (e.g.  the 
Esneh  barrage)  may  be  considered  as  a  modern  and  permanent  equivalent  of 
the  above  condtiuction.  The  interstices  being  fiDed  with  cement  grout,  the 
lifi:  of  the  work  is  that  of  thick  cast  iron  under  somewhat  favourable  ctrcum- 
stailcei,  as  far  as  corrosion  is  concerned.  For  shallow  depths  (say  not  over 
25  feet)  the  method  may  prove  less  costly  than  trenching  and  filling  the  trench 
with  puddle  or  concrete.  Visual  proof  of  complete  junction  with  the  clay 
stratmn  is  of  course  impossible. 

Piling  built  up  of  rolled  steel  sections  has  lately  been  introduced.  The 
driving  gave  some  trouble  at  Hodbarrow  {P.I.C.E.,  vol.  165,  p.  ibi),  bot  newer 
patented  and  specially  rolled  sections  permit  of  very  good  work  being  done. 

The  duraUlity  of  steel  is  less  than  that  of  cast  iron,  but  1  doubt  if  this  can 
be  regarded  as  a  serious  defect. 

In  a  few  instances  fissured  rock  has  been  rendered  "  watertight "  at  small 
cost  by  boring  a  line  of  vertical  holes,  say  2  inches  in  diameter,  and  8  inches 
apart,  along  the  centre  line  of  the  dam,  and  injecting  cement  grout  under 
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pressure.  When  ocular  pnxif  is  obtained  (such  as  is  afforded  by  the  appear- 
ance of  new  springs  above  the  grouted  line],  the  process  may  be  considered  as 
satisfactory,  otherwise  a  certain  amount  of  distrust  is  advisable. 

Position  of  the  Impermeable  £-<  >"£*.— Theoretically  speaking,  the 
best  position  for  any  impermeable  septum  is  as  close  to  the  water  face  of  the 
dam  as  is  possible.  In  nearly  all  modem  dams  the  core  wall  or  septum  is  placed 
verticaUy  below  the  top  of  the  dam.  Thus,  the  whole  water  side  ot  the  dam 
is  useless  qua  providing  stability.  This  must  be  regarded  as  a  defect,  hut 
pT&ciical  considerations  compel  the  designer  to  adopt  the  central  position. 

If  a  layer  of  puddle  day  is  laid  on  the  water  face,  it  will  be  found  to  be 
perforated  by  burrowing  animals  such  as  crayfish,  or  rats  ;  and  consequently 
the  early  designs  of  Telford  have  rarely  been  copied  in  this  respect 

If  masonry  or  concrete  is  placed,  instead  of  puddle,  in  a  similar  position,  the 
settlement  of  the  dam  invariably  causes  fractures  which  permit  leakage  to 

The  question  deserves  investigation,  and  if  an  elastic  impermeable  coating 
can  be  found  which  is  not  hable  to  damage  from  burrowing  animals,  it  should 
certainly  be  placed  on,  or  near  to,  the  water  fitce.  In  small  works  of  a 
temporary  nature  economy  in  earthwork  can  be  secured  by  the  use  of  Utumen 
sheeting  ;  but,  so  far  as  I  am  aware,  no  large  daroa  have  yet  been  constructed 
on  this  principle. 

Tbe  above  discussion  includes  ai]  work  in  which  different  methods  are 
employed  in  the  ordmary  and  Indian  type  of  dam.  As  the  Indian  methods 
permit  good  results  to  be  obtained  with  somewhat  worse  material,  it  appears 
advisable  to  discuss  them  before  considering  tbe  casing,  pitching,  and  oudet 
works  of  dams,  which  are  constructed  on  the  same  principles  in  borh  types. 
It  must  also  be  remembered  that  the  adoption  of  the  precautions  used  in  India 
is  never  detrimental  to  a  dam,  and  it  is  only  under  very  favourable  circum- 
stances that  they  can  be  entirely  dispensed  with. 

INDIAK  Type  of  Dam. — A  dam  of  the  Indian  type  is  constructed  so  as 
to   BOttain    appreciable    percolation.    This   may  arise  from  two  causes,  as 

(i)  Either  the  available  material  or  the  climatic  conditions  do  not  permit  of 
a  good  puddle  clay,  or  other  substance  providing  a  relatively  thin  impermeable 
core,  being  procured. 

(ii)  Or,  whether  the  impermeable  core  be  thick  or  thin,  the  geological 
conditions  are  stich  that  the  cut-off  trench  beneath  the  dam  utiuiot  be 
carried  down  to  a  sufticient  depth  to  unite  the  impermeable  septum  (formed 
by  the  core  wall  and  trench  filling)  with  an  impermeable  stratum  of  day  or. 
unfissured  rock. 

We  thus  have  two  routes  by  which  tbe  percolating  water  may  travel,  f>. 
coirespcmding  to  case  (i)  through  the  dam  itself,  or  as  in  case  (ii)  under  the 
bottiMn  of  the  cut-off  wall  or  trench  sunk  below  the  dam. 

As  will  be  seen  later,  dams  exist  which  are  subjected  to  percolation  in  both 
ways,  but  such  dams  must  be  considered  as  more  severely  tested  than  the  more 
nonnal  examples  in  which  material  percnlation  occurs  by  only  one  of  the  above 
paths. 

The  typical  Indian  dam  falls  under  case  (i),  and  for  some  reason  which  I 
am  unable  to  understand,  it  is  held  to  be  safer  than  a  dam  which  is  water- 
tight in  itself,  but  which  is  subject  to  percolation  below  tbe  cut-off  trench. 
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The  circumstances  under  which  the  Indian  dam  b  generally  constructed  are 
as  follows : 

"  Clay"  of  a  second  or  tliird  rate  quality  exists,  and  can  be  made  into  fair 
puddle  in  the  trench,  but  the  climate  is  such  that  the  manufacture  of  puddle  in 
the  open  air  (as  is  required  in  building  the  puddle  wall)  is  a  difficult  matter. 

The  typical  earlier  design  is  well  illustrated  by  Burke's  Ashti  dam  (P.l.C£^ 
vol.  76,  p.  2SS),  see  Sketch  No.  73.  Here  there  is  a  puddle  trench  appronim- 
ately  10  feet  in  thickness,  carried  down  to  a  bed  of  trap  rock.  Above  the 
ground  level,  however,  the  narrow  core  wall  usually  found  in  British  designs  is 
replaced  by  a  triangular  mass  of  puddled  "  black  cotton  soil,"  (>>.  ind  or  3rd 
class  puddle)  some  60  feet  wide  at  the  base.  Outside  this  is  a  mixture  of 
weathered  trap  rock  ("Muram")  and  earth,  which  may  be  considered  as 
pervious,  but  stable,  when  exposed  to  water  {i.e.  the  Indian  equivalent  of 
"  gritty  material "). 

As  a  matter  of  exfierience,  such  dams  are  pervious  to  water  to  a  more  or 
less  marked  degree.  Unless  the  very  best  workmanship  is  used  during  con- 
struction, they  are  apt  to  slip.  Burke  followed  a  specification  of  practically  the 
same  type  as  that  given  on  page  307,  and  his  finbhed  dam  appears  to  have 
weighed  about  7  per  cent  more  than  the  natural  earth,  and  consequently  the 
Ashti  dam  has  not  slipped,  but  slips  in  the  older  Indian  dams  are  nevertheless 


The  younger  school  of  Indian  engineers  have  therefore  developed  the 
system  described  by  Strange  UnSaa  Storage  Reservoirs,  and  PJ.C.E^  voL 
132).  Percolation  through  the  dam  is  accepted  as  a  fact,  and  it  is  realised  that 
slips  occur,  not  because  percolation  takes  place,  but  because  the  percolated 
water  stagnates  and  saturates  the  bank,  and  finally  finds  its  easiest  path  (rf 
escape  to  be  through  the  dam  towards  the  outer  slope,  which  then  slips  or 
cracks. 

The  following  description  of  a  modem  Indian  dam  should  be  read  with 
reference  to  Sketches  Nos.  74  and  84. 

(i)  Preparation  0/ Ike  Siti.—lti  dams  not  exceeding  40  feet  in  height  the 
usual  British  practice  is  followed,  but  drains  are  constructed.  Sketch  No.  74 
shows  a  complicated  method,  where  the  foundation  is  cut  into  angular  waves 
4  feet  in  height,  and  20  feet  from  crest  to  crest,  with  4  feet  x  5  feet  blocks  of 
puddle  in  the  trough  of  each  wave  upstream  of  the  puddle  trench.  This  may 
be  considered  far  too  "niggling"  where  machinery,  or  even  ploughs,  are 
employed  for  excavation.  The  downstream  portion  of  the  base  should  be  cut 
into  ridges  and  hollows,  approximately  as  shown,  and  should  be  provided  with 
dry  stone  drains  which  are  connected  by  a  cross  drain  to  the  main  downstream 
drain,  at  all  points  where  the  slope  of  the  ground  permits. 

The  principle  of  these  drains  resembles  that  of  a  filter.  It  is  desired  to 
carry  off  the  percolation  water  in  an  absolutely  clear  state,  and  to  prevent  all 
the  sill  and  clay  particles  from  passing  away  through  the  drains.  A  4-iiich 
agricultural  drain  pipe  is  consequently  laid,  or  a  6  inch  by  4  inch  dry  stone  drain 
is  formed,  in  each  of  the  drain  excavations,  and  this  drain  is  covered  by  graded 
layers  of  gravel  or  broken  stone.  On  top  of  these  layers  from  7  inches  to  i  foot 
of  fine  sand  is  placed.  The  main  downstream  drain  is  similarly  constructed^ 
but  must  be  proportioned  so  as  to  carry  off  more  water.  A  i2-inch  pipe,  or  a 
dry  stone  drain  9  inch  by  q  inch  usually  suffices. 

Sketch  No.  74,  which  shows  the  most  systematic  drainage  system  I  know  of. 
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may  be  regarded  as  too  costly  unless  very  heavy  percolation  is  antidpaied.  As 
a  rule,  one  or  at  the  most  two  longitudinal  drains  in  the  cross-section  of  the 
dam  will  stiffice,  and  dry  stone  walls  are  frequently  built  on  top  of  these  in 
order  to  collect  all  water  passing  over  them  (see  Sketch  No.  74). 

The  correct  location  of  the  cross  drains,  at  each  valley  in  the  longitudinal 
section  of  the  dam  site,  is  probably  far  more  important  than  the  number  of 
longitudinal  drains,  provided  that  the  latter  are  laid  (o  a  uniform  grade,  and 
are  well  constructed. 

(ii)  The  Proportions  of  the  PuddU  Trench. — Strange's  recommendations 
are  shown  in  Sketch  No.  74.  In  applying  these  in  other  localities,  ii  should  be 
remembered  that : 

(i)  The  trench  is  not  timbered  during  excavation,  hence  the  side  slopes  of  \, 
or  J  to  I. 

(3)  The  raw  material  available  for  puddle  is  not  of  first  class  quality,  and 
owing  to  the  climate  the  puddle  is  made  by  chopping,  watering,  and  rolling  the 
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Skcfck  Ko.  83.— Grooving  of  Concrete  Wall*  at  Junctioa  with  Paddle. 

day  in  the  trcpdi.  The  width  of  14  feet,  which  Strange  adopts,  is  consequently 
needed  in  order  to  pennit  the  use  of  horse  rollers. 

A  trench  filled  with  good  puddle,  concrete,  or  masonry,  could  therefore  be 
made  narrowet,  and  the  usual  British  practice  might  b^  followed. 

The  puddle  trench  is  drained  in  a  similar  manner  to  the  dam  foundation. 
In  order  to  prevent  the  localisation  of  percolation  which  might  possibly  occur 
near  the  drain  from  setting  up  erosion  of  the  base  of  ttie  puddle  wall,  this  base 
is  made  of  concrete  about  4  feet  by  lo  feet,  well  keyed  into  the  puddle  wall 
(these  details  in  Sketch  No.  74  difTer  from  those  given  by  Strange,  being  my 
own). 

The  drain  is  constructed  of  dry  stone,  of  say  4x6  inches  internal  dimen- 
sions, surrounded  by  about  4x3  feet  of  clean  rubble,  and  this  in  turn  by  a 
1  foot  layer  of  dean  gravel,  or  coarse  sand. 

Strange  recomntends  that  the  puddle  trench  should  be  supplemented  by 
masonry  walls  at  paints  where  it  is  excavated  to  an  unusual  depth,  t.g.  across 
the  bed  of  the  river  that  previously  drained  the  valley.  The  method  seems 
rational,  but  local  conditions  must  detennine  whether  it  is  required.  Rules  for 
such  walls  are  giveq  on  page  318  (Sketch  No.  94  gives  deuils  of  the  junction). 
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Ttie  junction  of  the  puddle  with 
this   masonry  needs  careful   con- 
sideration.    The  masonry  should 
batter  outwards   in   all  directions, 
so  as  to  prevent  shrinkage  cracks 
in  the  puddle  at  the  line  of  junction. 
Consequently,  the  masonry  should 
be  a  frustrum  of  a  cone.     So  also, 
chases  should  be  formed  at  every 
possible  point,  as  shown  in  Sketch 
No.  83.    The  sketch  is  a  complete 
solution  of  the  problem,  and  the 
chases  are  easily  made  in  cc»ocreie. 
In  brickwork,  much  cutting  ofbricks 
is    required,  but    is    unavoidable. 
^     Inspection  during  constraction  and 
a     deposition  of  the   puddle  should 
-S     be  unremitting.     It  will  also  be 
M     plain     that    an    arraDgemeDt    of 
"g     silting    tanks    above    the    deeper 
^      portions   of    the   trench,   in   order 
a      that  stanching  by  percolation  may 
""      occur    during    construction,   quite 
I     justifies   any   small    cost    entailed. 
a.    The  puddle  filling  is  carried  up 
i     to  about  3  feet  above  the  ground 
^     level,  and  is   then    stopped ;  the 
'^     climate  being   such    that    puddle 
,2      made  in  the  open  will   crack  and 
I      split  if  formed  of  pure  clay. 
00  (iii)  Construction  of  the  Earth- 

s'    work. — As  a  general  rule  Strange 
^     recommends  that  the  whole  body 
E     of  the   dam   should  be  tnade  d 
IS     equal  parts  Of  clay  and  weathered 
"^     shale  \i.f.  clay  and  grits),  but  in 
any  given  case  experiment  must 
decide     the     exact     proportions. 
The     specification     of    workman' 
ship  closely  resemUes  that  already 
given,  the  small  variations  being 
due  to  local  conditions.     The  con- 
solidation obtained  witfc  such  mix- 
tures is  considerably  less  than  is 
usual  with  the  more  gritty  materials 
employed     in      British     practice. 
Strange  stales  that  106  cube  feet 
of  excavation  from  borrow  pits  will 
be  required  for    100  cube  feet  of 
baidt.     My  own  experiments  gi^e 
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figures  ranging  from  109  to  lOS  cube  feet,  as  against  116  to  iii  cube  feet  for 
purely  gritty  material. 

Dams  constructed  in  this  manner  are  found  to  be  permeable  (see  p.  348) ; 
and,  in  consequence,  slips  are  of  frequent  occurrence.  These  slips  always  take 
pla.ce  on  the  downstream  face  (except  when  local  slips  are  caused  at  the  water 
face  by  sudden  lowering  of  the  water  surface).  The  slopes  adopted  (3  :  I  water 
face,  2  : 1  downstream  face)  might  therefore  be  modified  with  advantage  ;  and 
such  values  as  i\  to  I,  on  both  faces,  or  i\  :  i,  for  the  water  face,  and  1^  :  1,  for 
the  downstream  face  have  been  suggested. 

In  general  practice,  it  is  usual  to  provide  against  slips  by  means  of 
berms  on  the  downstream  slope,  and  to  form  a  heavy  toe  wall  at  the  lower  toe 
of  the  dam.  Sketch  No.  86  shows  Jacob's  design  at  Jaipur,  which  attains 
stability  by  a  reversed  filler  at  the  toe. 

The  most  systematic  application  of  the  method  is  that  given  by  Strange 
(see  Sketch  No.  84),  whose  final  design  for  dams  more  than  40  feet  high  consists 
of  a  dry  stone  toe  of  the  roughest  obtainable  rubble,  laid  in  beds  normal  to  the 
slope,  with  one  or  two  cross  chace  walls  of  concrete,  with  a  view  to  increasing 
the  resistance  to  slipping.  Where  the  dam  is  joined  to  an  impermeable  stratum, 
the  interstices  are  packed  with  clayey  schist,  and  a  solid  facing  of  concrete  is 
also  built  at  the  upper  end,  as  at  the  water  face  toe  of  Sketch  No.  84,  Where 
impermeable  strata  are  not  reached,  it  might  be  preferable  to  lay  a  reversed  filter 
in  place  of  the  concrete  facing,  starting  with  say  la  inches  of  road  metal,  followed 
by  13  inches  of  gravel,  and  then  13  inches  of  coarse  sand  as  at  the  outer  toe 
of  Sketch  No,  84.  Localisation  of  the  percolation  must  be  avoided  at  all  costs. 
It  will  be  noticed  that  this  design  very  closely  resembles  the  combined  rock- 
fiU  and  earth  dams  of  America.  The  real  difference  is  that  in  the  case  of  the 
Indian  dam,  earth  fotms  the  bulk  of  the  dam,  and  the  rock  work  is  of  less 
importance ;   whereas  in  the  American  dam  the  earth  filUng  is  the  minor 

Dams  not  joined  to  an  Impermeable  Strati;m.— The  principles  of  the 
design  of  dams  subject  to  percolation  having  been  thus  laid  down,  their  extension 
to  cases  where  the  core  trench  does  not  join  an  impermeable  stratum  are 
fairly  plain. 

The  cut-off  trench  should  be  carried  down  about  30  feet  (which  was 
Rawljnson's  design  where  the  depth  of  water  retained  was  30  feet) ;  or,  as 
Strange  suggests,  in  good  compact  soils,  to  a  depth  equal  to  one  half  the  depth 
of  water  stored  ;  and  whea  the  soil  is  fairiy  compact,  to  a  depth  equal  to  the 
depth  of  water  stored,  provided  that  all  sandy  and  highly  pervious  layers  are 
cut  by  the  puddle  trench. 

So  far  as  I  can  ascertain,  no  failure  due  to  percolation  under  the  puddle 
wall  has  as  yet  occurred,  when  the  depth  of  the  trench  exceeded  three  quarters 
of  the  depth  of  ihe  water  stored  ;  and  in  most  of  the  older  dams  the  concrete 
base  of  the  puddle  trench  and  a  systematic  drainage  were  not  adopted.  No 
failure  due  to  insufficient  depth  of  puddle  trench  is  recorded  in  the  case  of  dams 
founded  on  permeable  soil,  provided  that  the  drainage  had  been  properly 
attended  to. 

The  drainage  system  is  quite  as  necessary  to  prevent  slips  as  the  toe  wall, 
and  while  less  carefully  drained  dams  have  not  failed,  Strange's  design  should 
not  be  departed  from  unless  the  circumstances  are  otherwise  extremely 
favourable. 
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Thb  Sketch  ibow«  the  outlines  of  the  unneeineiiti  adopted  by  Fennfcnick  at 
Periyu,  to  pass  i6oo  cusecs  under  i.  pressure  whicn  may  attain  49  feet  when  the  gales 
ue  dosed.  In  view  of  the  great  liability  to  wear  of  the  npper  gate  the  lower  gates 
must  be  considered  as  an  integral  portion  of  the  design.  Since  they  are  hung  from 
rods  passing  through  pipes,  these  lower  gates  can  never  be  raised  for  repair.  As  a  rule 
this  must  be  considered  as  a  defect.  At  Periyai  these  lower  gales  are  only  worked 
when  the  reservoir  is  at  a  low  level,  never  pass  more  than  500  cusecs,  and  when 
open  are  never  eiposed  to  more  than  20  feet  head  ;  the  regulation  then  being  also 
mainly  effected  by  means  of  a  Stoney  sluice  at  the  tunnel  portal.  Thus,  in  general 
the  lower  gates  would  need  to  be  replaced  by  a  second  balanced  gate.  The  design  is 
an  excellent  solution  of  the  local  problem,  and  the  principles  might  be  generally  adopted, 
smce  it  ma;  be  presumed  that  when  discharges  computed  in  hundreds  of  cusecs  are 
dealt  with,  slight  leakage  is  permissible.  If  no  leakage  can  be  allowed  the  gates  of 
the  RooseTcIt  dam  (Wilson,  Irrimtio»  EHgitietring)  may  be  taken  as  a  basis  for 
design,  but  the  increased  cost  indicates  that  as  a  rule  leakage  should  be  permitted. 
If  either  type  is  adopted  in  a  culvert  outlet  not  surrounded  by  hard  rock  the  stresses 
in  the  masoory  will  plainly  require  very  careful  .calculation. 


The  filling  of  the  core  trench  needs  careful  thought  Strange  is  apparently 
of  the  opinion  that  his  14  feet  wide  trench  with  \,  or  j  to  i,  side  slopes  will  suffice, 
when  filled  with  puddle,  and  with  the  concrete  iMse  usually  adopted.  Personally, 
I  favour  concrete,  or  a  double  wall  of  concrete  and  puddle  in  two  layers. 

The  dam  itself  may  either  be  of  Strange's  type,  Sketch  No.  84,  or  if  good 
puddle  is  procurable  water- tightness  may  be  secured  by  a  puddle  wall,  say  33  p.c, 
thicker  than  the  usual  rules  indicate.  The  fact  that  settlement  will  certainly 
occur  seems  to  preclude  the  use  of  masonry  or  concrete  for  the  core  walL 

On  referring  to  the  preliminary  section,  it  will  be  seen  that  the  provision  of 
u  impermeable  carpet  over  the  whole  base  of  the  dam  stops  percolation  almost 
as  eRectnally  as  a  vertical  cut-off  trench,  and  while  a  good  wall  of  puddle  clay 
or  other  non-rigid  substance  gives  satisfactory  results,  there  is  little  doubt  that 
if  the  whole  dam  be  made  of  fairly  impermeable  earthwork,  the  eflect  in 
preventing  percolation  through  the  dam  is  alinost  equally  good ;  and  the 
percolation  under  the  cut-off  trench  is  probably  less  than  if  the  thinner  wall  of 
■uore  impermeable  material  forms  the  only  impermeable  portion  of  the  dam. 

The  real  dividing  line  is  fixed  by  the  value  of  labour.  In  countries  such  as 
India,  where  labour  is  cheap,  the  best  solution  {when  good  puddle  clay  is  not 
available)  is  to  roll  'and  puddle  the  whole  dam  very  carefully.  Compare  the 
Asbti  dam,  and  Strange's  general  section,  with  the  Staines  dam. 

If  labour  is  dear,  a  thin  wall  of  strong  material  is  indicated,  as  in  the  case 
of  some  American  dams,  where  impermeability  is  secured  by  thin  sleel  plating, 
averaging  fths  of  an  inch  in  thickness,  protected  from  rust  by  a  4-tnch  cojtting 
ctf  ospbalte  on  each  side. 

Such  a  dam  cannot  be  considered  as  an  innovation  in  constructional  design. 
Hundreds  of  examples  exist  in  Ceylon  and  Southern  India,  without  any  paddle 
Itench  at  all,  and  are  often  of  great  age.  As  an  example  of  a  modem  dam  subject 
lo heavy  percolation,  1  would  instance  the  Amani  Shah  dam  at  Jeypore  (Rajputana) 
omatnicted  by  Col.  (now  Gen.)  Jacob.  This  has  no  cote  wall,  and  is  formed 
of  taod,  resting  on  sand  and  mud.    Its  dimensions  are  {/*./.C.£.,  vol.  115,  p.  56). 

Height 6j  feet. 

Breadth  at  top 3°    1. 

Breadth  at  base 396,, 

Inner  slope,  i^.  water  face                             .    4  to  i 
Outer  slope a  to  i   ■ 


ly  Google 


3«8  CONTROL  OF  WATER 

The  toe  wa.ll  was  constructed, — to  quote  Gen.  Jacob  : 

"  Next  to  the  earth  a  layer  of  shatp  sand  about  lo  feet  wide  and  S  feet 
deep  was  placed,  outside  of  this  a  similar  layer  of  small  broken  stone ;  and 

finally  a  similar  mass  of  large  rubble." 

It  was  anticipated  that : 

"  It  would  act  as  a  filtering  medium,  keeping  back  the  earth,  but  allow- 
ing the  water  to  percolate  out  free  from  silt." 

"The  highest  water  level  yet  reached  is  31^  feet." 
If  I  may  criticise  a  singularly  successful  design,  I  should  be  inclioed  to 
recommend  that  the  water  slope  should  be  3  to  1,  or  as  steep  as  stability  allows; 
and  that  the  outer  slope  should  be  made  3  to  i.     My  reasons  are,  that  it  is 


Skbtch  No.  86.— Jaipur  Dam  ;  for  Culvert  lee  Sketch  No.  90,  F^.  t. 


SXBTCH  No.  8;.— Baroda  Dam ;  for  Culvert  ice  Sketch  No.  90,  Fig.  3. 

evident  that  the  dam  is  saturated  up  to  a  line  sloping  away  from  top  water  level 
at  I  in  7,  or  perhaps  even  I  in  6  ;  and,  as  at  present  desigtied,  a  line  at  1  in  6 
drawn  fr«n  the  designed  full  supply  level  of  41  feet  cuts  the  outer  slope  at  about 
3  feet  above  the  toe  ;  whereas  if  the  slopes  were  reversed,  or  were  even  made 
I  in  3,  on  both  sides,  the  i  in  6  line  would  pass  well  below  (about  8  feet  for  I  in 
3  slopes)  the  outer  toe,     (Sketch  No,  86.) 

The  dam  at  Baroda  (see  Sketch  No.  87),  described  by  Sadaseajee 
{P.I.C.E.,  vol.  115,  p.  43),  shows  a  more  typical  section.  The  dam  is  of  dajr 
and  gric  mixed,  and  the  puddle  trench  is  filled  with  good  (Indian)  puddle, 
carried  down  to  a  clay  stratum  except  for  a  length  of  200  feet,  where  it  stops 
at  depths  varying  from  25,  10  40  feet,  being  5  feet  wide  at  the  base. 

No  systematic  provision  being  made  for  drainage  of  the  dam  itself,  slips 
occurred,  and  an  open  drain  10,  to  13  feet  deep  was  cut  just  outside  the  outer 
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toe  of  the  dam  for  a  lengtti  of  3900  feet    This  discharged  a  quantity  of  water 
varying  firom  0*6,  to  0*9  cusec 

The  question  woe  considered  by  Latham  (P./.C^.,  voL  115,  pp.44  and  i3iX 
who  gives  a  rather  loteiestiDg  piece  of  reasonii^;.  He  Bays  that  when  the 
leakage  takes  place  below  the  puddle  w^l,  the  apertures  by  which  the  water 
escapes  will  always  be  of  the  same  site  ;  i^  however,  leak^;e  occurs  over  the 
puddle  wall,  the  total  area  of  the  apertures  will  vary  with  the  height  of  the 
water  in  the  reservoir. 

Thus,  since : 

"The  law  which  governed  the  flow  of  underground  water  was  similar 
to  that  which  governed  the  flow  of  water  in  pipes  and  channels," 

a  leakage,  proportional  to  the 

"Square  root  of  the  height  of  water  above  the  point  at  which  it  was 
escaping," 

would  indicate  leakage  under,  and  through,  the  core  walL     But  since : 

**  By  taking  into  consideration  another  factor,  i.e.  Ihe  actual  height  of 
water  in  the  reservoir  above  the  top  of  the  puddle  wall," 
it  was    possible  to  calculate  the    escaping  water  with    exactitude,   Latham 
therefore  deduces  that  the  leakage  was  through  the  body  of  the  dam,  and  over 
the  top  of  the  core  wall. 

The  reasoning  is  well  worth  bearing  in  mind  when  leakage  occurs ;  and 
since  Latham  is  a  very  accurate  experimenter,  it  would  appear  that  definite 
channels  of  escape  existed  in  this  particular  dam,  or  that  so  large  a  proportion 
of  big  stone  was  present  that  the  usual  relation  for  capillary  channels  (>>. 
volume  escaping  varies  as  the  pressure),  did  not  hold  good.  A  priori,  we 
may  usually  expect  to  employ  the  reasoning:  Volume  escaping  varies  as  the 
height  of  the  water  above  the  point  of  escape, — as  indicating  leakage  under, 
and  through,  the  core  walU  While,  if  the  second  factor— height  of  the  water 
above  the  top  of  the  core  wall — also  manifests  itself,  the  leakage  is  over  tbe 
core  wall. 

1  reproduce  the  original  drawing  given  by  Sadasewjee  (u/  '<^^X  ^ 
Latham's  observations  show  that  a  dam  of  this  type  will  stand  leakage  to  the 
extern  of  o-8s  cusec  over  a  length  not  greatly  in  excess  of  200  feet  without 
sURMng, 

The  remedies  consisted  of  a  clay  wall  at  the  outer  toe,  1 2  feet  wide,  flatten- 
'1^  the  outer  slope  near  the  toe  to  3  to  i,  and  a  system  of  surface  drains  to 
Mny  off  rain  water  falling  on  the  outer  slope. 

The  above  may  be  considered  as  representing  the  worst  that  can  h^pen  in 
dams  of  this  type,  when  properly  constructed,  whether  the  core  trench  is  joined 
to  an  impermeable  stratum  or  not. 

In  order  to  obtain  any  instance  of  a  partial  failure  (such  as  the  above)  1 
have  been  obliged  to  include  a  case  where  drainage  was  not  well  attended  to, 
So  fiu-  as  1  am  aware,  no  properly  drained  dam  has  failed  by  reason  of  per- 
i^lation.  The  failures  of  the  older  Indian  and  Cingalese  native  made  dams 
can  almost  invariably  be  traced  to  over-topping  by  floods,  and  no  undoubted 
case  of  failure  due  to  percolation  has  yet  been  recorded. 

The  following  appears  to  be  a  bir  view  of  the  question.     The  ordinary 
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English  practice  relies  too  exclusively  on  puddle  and  impermeable  strata,  which 
can  usually  be  obtained  in  England  at  a  certain  price,  owing  to  the  small  scaJc 
of  English  geolt^cal  features.  Indian  practice  is  more  logical,  in  that  when 
the  above  advantages  cannot  be  obtained  except  at  a  prohibilive  cost,  the 
difficulty  is  surmounted  without  any  pretence  of  iftnoring  it. 

Personal  experience  leads  me  to  believe  that  puddle  clay  passing  English 
specifications,  or  cheap  concrete  and  masonry,  combined  with  easily  reached 
impermeable  strata,  occur  only  exceptionally.  I  confidently  look  forward  to  an 
extensive  use  of  the  Indian  type  of  dam  in  other  countries  j  all  the  more  so 
since  any  engineer  who  has  to  cope  with  less  favourable  climatic  conditions 
and  more  intense  floods  than  those  of  India,  may  consider  himself  most 
unfortunate. 

The  whole  matter  is  one  of  balance  between  the  dam  and  the  puddle  trench  ; 
where,  (as  in  the  case  of  the  ordinary  English  dam,  great  care  is  tak«i  to 
produce  an  absolute  junction  between  the  puddle  trench  and  an  impermeable 
stratum),  the  dam  may  be  considered  as  not  very  greatly  affected  by  percolation, 
and  a  thin  wall  of  puddle  clay  is  sufficient  to  stop  percolation.  Where  the 
puddle  trench  is  known  to  be  carried  to  an  insufficient  (according  to  English 
ideas)  depth,  more  care  and  pains  must  be  devoted  in  order  to  make  the  dam 
as  a  whole  partially  impervious  by  mixing  some  clay  with  the  gritty  materials. 
A  proper  system  of  drainage  must  be  constmcted  in  order  to  overcome  the 
tendency  to  slips  which  exists  in  this  mixture  when  saturated. 

The  differences  between  the  above  two  types  having  been  considered,  w« 
can  proceed  to  examine  the  various  portions  of  the  dam  that  depend  not  so 
much  on  the  amount  of  percolation,  as  on  climatic  conditions.    These  are  : 

The  Casing. 
The  Pitching. 

CAstt/G  OF  THE  DAM.—TiiK  Casing  of  modem  dams  is  thin,  and  can  best 
be  regarded  as  a  layer  of  stone  or  gravel  which  affords  a  means  of  draining  the 
pitching. 

Strange  says  that  we  should  construct  the  casing  of  one  part  clay  and  two 
parts  of  shale,  and  make  it  3  feet  wide  from  the  top  down  to  full  supply 
level ;  and  below,  the  width  should  be  increased  i  fbot  fbr  every  )o  feet  of 
vertical  height 

This  specification  is  for  a  climate  where  the  rain-fall,  although  intense,  is 
limited  to  about  four  months  in  the  year.  In  a  country  where  rain  is  less 
heavy,  so  great  a  thickness  is  perhaps  useless  ;  but  on  the  other  hand,  if  the 
T^nfall  is  distributed  over  the  whole  year,  Ihe  proportion  of  day  seems  exces- 
sive, and  might  produce  turbidity  in  the  water. 

At  Staines  (where  the  rain-fall  is  about  a;  inches  annually,  and  occurs  over 
the  whole  year),  6  lo  9  inches  of  pure  grave!  sufficed. 

PrTXHINC.-^T'he  necessity  for  pitching  is  obvious.  The  most  usual  type  is  a 
layer  of  roughly  hammer-dressed  stones,  laid  on  their  large  ends,  and  dressed 
so  as  to  meet  all  round  their  bases  for  a  depth  of  3  to  4  inches. 

The  thickness  may  -lary  from  6  inches  at  the  bottom,  10  18  inches  at  the 
top,  in  reservoirs  some  6  square  miles  in  area  ;  and  say  9  inches  at  the  bottom, 
to  3  feet  at  the  top  in  the  case  of  reservoirs  30  square  miles  in  area. 

The  following  specification  of  Messrs  Hunter  &  Middleton  has  produced 
very  satisfactory  results  at  Staines  : 
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The  inner  face  of  the  embankment  to  a  depth  of  15  feet  below  the  top 

water  level  ifi  to  be  protected  by  concrete  slabs  made  in  situ  of  4  to  i 

concrete,  4  feet  square,  and  ;  inches  thick,  worked  to  a  good  face  and 

lestiDg  on  6  inches  of  gravel ;  every  alternate  slab  being  left  out  in  each 

line  until  the  subsidence  has  ceased,  when  those  in  position  will  be  packed 

up  to  the  line  of  slope,  and  the  work  completed.    At  the  foot  of  the' 

concrete  facing  there  is  to  be  a  step  or  berm  3  feet  wide,  ahd  below  that 

line  the  embankments  are  to  be  covered  with  a  9'inch  layer  of  g[a.vel. 

The  fetch  is  but  small  (i|  mile  at  the  most),  but  the  reservoirs  are  greatly 

exposed  to  wind,  and  it  is  doubtful  whether  any  thickness  less  than  9  inches 

would  have  sufficed  had  the  pitching  been  composed  of  smaller  and  rougher 

material. 

In  the  actual  construction,  a  3  feeix  18  inch  concrete  toe  wall  was  built  at 
the  bottom  of  the  concrete  slabs  (Sketch  No.  72).  The  appearance  is  good, 
and  similar  (although  probably  somewhat  thicker)  slabs  deserve  consideration 
wherever  stone  is  not  easily  available.  Being  smooth,  and  of  large  siie,  the 
thickness  need  hardly  exceed  one  half  of  that  given  by  Stevenson's  rule,  which 
IS  obtained  from  experience  in  very  windy  localities. 

The  following  is  a  good  rule  :— Thickness  =  i  height  of  waves  likely  to 
occur.     For  this  height  Stevenson  gives  : 

Height  in  feet  =.1-5 \/F+(3'S—*«/F) 
where  F,  is  the  "fetch  "  of  the  wind  in  miles. 

In  cases  where  stone  Ts  not  procurable,  hard  burnt  blocks  of  clinkered  bricks 
(say  6  bricks  in  a  block),  can  occasionally  be  procured.  Pavings  of  brick,  on 
edge,  or  on  end,  are  usual  in  the  Punjab,  but  they  are  not  strong  enough  if  the 
waves  are  high,  as  is  likely  to  be  the  case  if  t,  is  much  over  a  mile. 

The  wall  or  wave  breaker  at  the  top  of  the  dam  (as  shown  in  Sketches 
Nos.  74  and  81),  has  been  recommended  as  an  effective  means  of  preventing 
waves  from  washing  over  the  dam,  but  is  rarely  employed.  Carefiil  dr^nage 
of  the  top  of  the  dam  with  drains  extending  down  the  side  slopes  at  frequent 
btervals  seems  to  be  a  better  method  of  dealing  with  waves  and  spray. 

The  outer  slope  of  the  dam  requires  to  be  protected  from  rain  wash.  This 
is  usually  effected  in  England  by  covering  the  slope  with  vegetable  earth,  and 
sowing  with  grass  ;  or  sodding  with  the  sods  removed  from  the  base  of  the 
dam,  special  provision  for  drainage  usually  being  unnecessary.  In  less  equable 
climates,  turf  of  this  character  is  difHcult  to  maintain,  and  either  careful  plant- 
ing with  fleshy  plants,  or  coaling  with  gravel,  or  small  stone,  is  consequentiy 
required.  The  practice,  of  planting  with  shrubs,  or  worse  still,  with  trees, 
should  not  be  followed,  as  these  conceal  leakage  if  it  occurs.  Cases  have  been 
met  with  where  cracks  and  fissures  in  dams  have  been  traced  to  the  action  of 
wind  on  trees  growing  on  the  dam. 

The  Staines  specification  gives  the  usual  British  practice  : 

The  whole  of  the  outer  slope  of  the  embankment  is  to  be  covered  with 
a  layer  of  soil  6  inches  thick,  resting  on  3  inches  of  gravel,  and  sown  with 
clean  rye  grass  and  white  clover  seeds. 

In  hotter  climates,  a  deeper  layer  of  soil,  and  a  more  fleshy  grass,  or  even 
such  plants  as  Mesambryanthemum,  are  advisable. 

A  little  consideration  will  make  it  plain  that  both  the  casing  and  pitching  of 
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a  dam  should  in  reality  be  determined  by  the  quality  of  the  gritty  material. 
At  Staines,  if  appearance  could  be  entirdy  neglected,  tbere  appears  to  be  no 
real  necessity  for  either.  Taking  the  other  end  of  the  scale,  a  dam  constnicted 
according  to  Fanning's  or  Strange's  specification  requires  thick  caung  and 
good  pitching  to  prevent  the  slopes  from  being  guttered  and  damaged  by  rain 

Top  Width  of  a  Dam. — The  top  width  is  usually  taken  as  lo  to  14  feet. 
There  is  very  little  doubt  that  in  all  dams,  except  the  very  lowest,  it  should  be 
of  sufficient  width  to  carry  a  cart  road,  as  the  extra  cost  is  rapidly  saved  by  the 
ease  with  which  repairs  and  maintenance  are  carried  out.  If  there  is  the 
slightest  doubt  about  the  sufficiency  of  the  waste  weir  {i.g.  owing  to  the  avail- 
able records  of  flood  discharges  being  for  a  short  period  only)  14  feet  should  be 
considered  as  the  minimum  width.  To  my  own  personal  knowledge,  oae  dani 
at  least  has  been  saved,  and  a  bad  disaster  averted  by  temporary  heaps  (rf 
earth  erected  along  the  crest,  which  just  sufficed  to  prevent  ibe  destruction  of 
the  dam  by  overtopping  during  an  abnormal  and  sudden  flood. 

While  the  chief  credit  is  due  to  the  local  labour  which  took  the  risk  of 
accompanying  the  dam  down  the  valley,  the  earth  was  finally  secured  by 
excavation  in  the  top  of  the  dam,  and,  had  the  lop  width  been  inaufiicient  to 
permit  this,  procuring  the  necessary  earth  from  the  downstream  slope,  would 
have  been  more  tedious  and  more  likely  to  create  a  weak  spot. 

L»w  Dams. — The  previous  discussion  mainly  refers  to  dams  of  considerable 
height.  The  following  proportions  are  suggested  by  Strange  (Indian  Storage 
Rtitrvoirs)  for  dams  under  favourable  ci 


Height  ot  Dam. 

Height  above 

High  Flood 

Level. 

Top  Width. 

6  feet 
8    „ 

ci™.  „f            Slope  of 

Less  than  15  feet 
IS  feettoasfoet 
»S       ..     SO  .. 

4  to  5  feet 

5  to  6    „ 

6  feet 

3    :  I 

Failures  of  Earth  i7.«J/5.— The  usual  cause  of  a  bad  failure  is  the  in- 
sufficient capacity  of  the  waste  weir,  as  was  the  case  in  the  Johnstown  daai, 
which  is  discussed  under  Floods. 

The  Holmfirth  failure  {P.I.C.E.,  vol.  59,  pp.  51  and  S7),  where  the  dam  had 
been  allowed  to  settle  until  its  crest  was  but  tittle  above  the  waste  weir  sill,  can 
only  be  regarded  as  the  result  of  careless  maintenance. 

Among  other  disastrous  failures  the  Dale  Dyke  may  be  menti<Mied. 
This  was  apparently  caused  by  the  bursting  of  an  unprotected  line  of  pipes 
laid  through  the  dam.  Since,  however,  the  earthwork  is  described  as  very 
loose,  and  titore  like  a  quarry  tip  than  a  dam,  it  is  difficult  to  allocate  the 
responsibility  accurately. 

Small  failures  usually  consist  of  slips  or  sloughing  of  the  downstream  slope  ; 
and  if  the  water  in  the  reservoir  is  rapidly  lowered,  similar,  but  usually  more 
localised  slips,  may  occur  on  the  water  face. 
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Outlet  Wokes. — The  crucial  point  in  the  design  of  the  earth  dam  of  a 
iCMTVoir  is  the  method  employed  for  drawing'  off  the  water. 

The  more  intensely  a  catchment  area  is  developed,  by  increasing  the 
storage  on  it,  the  more  important  ii  becomes  to  arrange  the  outlet  so  that  water 
can  be  drawn  off  at  any  level.  If  we  in  any  way  limit  the  depth  from  which 
water  can  be  drawn,  it  is  evident  that,  pro  lartto,  we  diminish  the  effective 
storage  capacity.  On  the  other  hand,  a  large  reservoir  capacity,  (if  properly 
used)  entails  the  reception  of  large  volumes  of  flood  water  into  the  reservoir, 
and  this  water,  except  under  very  favourable  circumstances,  is  bound  to  be 
turbid.  It  is  therefore  necessary  lo  be  able  to  draw  off  the  upper  layers  of  the 
water,  which  will  more  quickly  become  clear,  and  to  reject  the  lower  layers,  if 
^Hionnally  silted.  Thus,  ii  is' absolutely  essential  to  provide  some  method  of 
running  off  large  quantities  of  water  when  the  reservoir  is  nearly  empty,  unless  it 
is  possible  to  systematically  reject  turbid  water  by  means  of  bye-pass  drains. 
Even  then,  it  is  quite  possible  that  the  cost  of  such  bye-pass  drains  may  exceed 
that  of  a  draw-off  system,  which  will  permit  an  equally  satisfactory  rejection  of 
silt-bearing  water,  combined  with  the  selection  of  clear  water  for  use  when  required. 
The  systems  adopted  are  as  follows  : 

(i)  A  valve  tower  which  permits  water  to  be  drawn  off  at  any  level 
(ii)  A  series  of  undersluices  at  a  low  level  for  rejecting  silty  water,  and  these 
(or  a  separate  set),  or  a  valve  tower,  may  be  employed  for  the  delivery  of  water 
for  use. 

Valve  towers  (see  Sketch  No.  8S)  are  usually  constructed  of  stone  or 
masonry,  and  while  a  cast  iron  valve  tower  may  be  cheaper,  it  is  exposed  to 
greater  risk  of  injury  by  ice.  Where  the  formation  of  thick  ice  is  unlikely,  the 
question  of  cost  may  be  allowed  to  determine  the  material  selected. 

The  valve  tower  must  he  sufficiently  far  removed  (ram  the  dam  to  be  safe 
from  injury,  either  by  settling  of  its  foundations,  due  to  the  pressure  of  the  dam, 
or  by  slips  of  the  dam  itself.  A  line  of  pipes,  or  a  tunnel,  is  required  to  carry 
away  the  water  from  the  valve  tower. 

The  most  obvious  and  the  cheapest  method  is  a  tine  of  pipes  laid  in  the  dam 
or  in  a  trench  below  the  base  of  the  dam.  It  is  doubtfiil  whether  this  con- 
struction is  ever  permanently  successful,  and  it  should  never  be  adopted  except 
for  temporary  work,  and  even  then  only  in  cases  where  failure  of  the  dam  will 
result  in  but  little  harm.  Sketch  No.  89,  shows  the  nearest  approximation  to 
this  construction  existing  m  permanent  work  with  which  I  am  acquainted.  The 
pipes  are  3  feet  in  diameter,  and  are  surrounded  by  18  inches  of  concrete.  The 
design  cannot  be  recommended,  although  the  general  arrangements  which 
permit  water  being  drawn  off  at  any  level  without  opening  any  valve  under 
more  than  15  feet  head  are  excellent.  The  weak  point  is  admirably  illustrated 
by  the  statement  that  the  dome  valves  A„  A„  etc.,  cannot  be  opened  unless  the 
lower  valves  V,  are  partially  closed.  Thus,  if  any  serious  break  occurred  in  the 
concrete  and  pipes  in  the  dam,  it  might  become  impossible  to  close  the  dome 
valves  (see  Fig.  No.  3),  and  then  the  destruction  of  the  dam  would  merely  be  a 
matter  of  hour?.  The  pole  and  plug  type  of  valve  (see  Fig.  No.  4)  would  really 
be  safer,  since  it  is  more  certainly  closed  should  any  displacement  of  the  pipes 
occur.  The  difficulty  of  opening  these  valves  may  be  overcome  by  the  bye-pass 
shown  in  Fig.  No.  2.  It  is,  however,  plain  that  the  pipes  would  be  far  safer 
against  fracture  if  they  were  carried  in  a.  culvert. 

In  certain  very  early  designs  the  only  valves  were  located  at  V,  and  the 
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inner  orifices  A,  could  not  be  closed  Such  designs  are  extremely  dangerous, 
and  I  believe  that  no  examples  exist  at  present.  The  life  of  a  dam  with  this 
type  of  outlet  may  usually  be  reckoned  by  months. 


Ha 
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Even  in  temporary  construction  an  unprotected  line  of  pipes  with  the  valves 
correctly  placed  is  extremely  objectionable.  The  line  is  very  liable  to  fracture ; 
aod  although  the  leak  can  be  stopped  by  shutting  the  upper  valve,  repairs  are 
difficult,  and  may  entail  letting  off  all  the  water  in  the  reservoir.  It  is  also 
quite  evident  that  the  outer  skin  of  the  pipe  line  forms  a  piossible  line  of  le^cage 
for  the  water,  and  that  the  puddle  wall  crossing  may  also  be  breached  by  the 
puddle  below  the  pipes  settling  from  beneath  the  pipes.  While  wide  creeping 
flanges  surrounded  by  puddle  form  a  fairly  efficient  stop  against  leakage  iOong 
the  pipe  tine,  nothing  except  a  concrete  wall,  built  up  from  the  foundation  of 
the  puddle  trench  lo  the  pipe,  (as  in  (he  method  used  in  carrying  the  concrete 
lined  channel  into  the  Hampton  service  reservoir,  shown  in  Sketch  No.  33,  or 
that  shown  in  No.  88)  is  effective  against  settlement  of  the  puddle. 

In  pioneer  work,  where  every  penny  must  be  saved,  it  has  occasionally  been 
found  advantageous  to  carry  a  hne  of  pipes  through  the  dam,  at  or  a  little  (say 


Sketch  No.  89. — Line  of  Pipes  laid  through  a  Dam. 


■  5  feet  as  a  maximtmi)  below  the  top  water  level.  Under  these  circumstances 
the  {»pe  line  usually  works  as  a  syphon,  and  is  only  rarely  under  pressure. 
Fractures  of  the  pipes  may  therefore  prove  troublesome,  but  need  not  be 
disastrous,  and  the  method  has  proved  very  efficient.  It  is,  of  course,  obvious 
that  any  later  attempt  to  utilise  more  than,  say,  the  top  20  to  30  feet  of  the 
reservoir  content  will  entail  very  expensive  works,  and  the  whole  of  the  water 
in  the  reservoir  may  have  to  be  run  to  waste  before  a  culvert  situated  at  a  low 
level  can  be  constructed. 

The  next  method  is  to  build  a  culvert  of  ashlar  masonry,  or  brickwork,  in 
which  the  ppes  are  laid  (Sketches  Nos.  88,  90).  A  plug  of  ashlar  masonry,  or 
best  bricks,  is  placed  across  the  culvert ;  usually  near  the  foot  of  the  inner  slope 
of  [he  dam.  Both  the  culvert,  and  the  pipes  where  they  cross  the  plug,  require 
creeping  Sanges  to  prevent  the  water  from  leaking  along  their  outer  skin.  The 
method  is  unobjectionable,  but  the  culvert  is  liable  to  be  fractured  by  settlement 
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of  the  earth  of  the  dam,  and  puddle  wall.  In  high  dams,  even  the  best  ashlar 
has  proved  too  weak  to  reaiat  the  forces  ihuB  brought  into  play. 

Where  (see  Sketch  No.  88)  the  culvert  lies  above  the  level  of  the  bottom  of 
the  puddle  trench  (as  is  frequently  the  case)  this  action  is  intensified  by  the 
necesaky  of  supporting  the  culvert  where  it  crosses  the  puddle  trench,  on  a 
rigid  concrete  or  masonry  pillar,  in  order  to  prevent  a  hollow  occurring  in  the 
puddle  clay  beneath  the  culvert,  just  as  was  pointed  out  when  dealing  with  the 
pipe  crossings.     For  typical  culvert  sections  see  Sketch  No.  90. 

In  some  cases  the  culvert  has  been  built  with  a  slip  joint  at  this  point ;  but 
even  this  precaution  has  not  met  with  invariable  success,  possibly  owing  to  the 
pressures  produced  by  settlement  being  by  no  means  entirely  vertical  (Sketch 
o.  88). 

The  effect  of  the  various  fcilures,— or  it  would  be  more  correct  to  say,  of  the 


No.  i 


Sketch  No.  90.— Sections  of  Culverts. 

possibilities  of  failure, — thus  disclosed,  has  led  many  engineers  to  consider  it 
preferable  to  drive  a  tunnel  through  the  undisturbed  hills  on  one  side  of  the 
dam,  and  to  lay  the  outlet  pipe  in  this.  The  advontt^es  are  obvious :— the 
valve  tower  and  culvert  are  entirely  separate  from  the  dam,  and  cannot  be 
injured  by  its  settlement,  nor  can  the  culvert  form  a  line  of  weakness  in  the  dsin. 

On  the  other  hand,  the  cost  is  greatly  increased,  and  tunnel  work  requires 
a  special  class  of  labour,  not  always  easily  procurable.  It  is  also  quite 
evident  that  work  done  in  tunnels,  in  the  dark,  is  for  more  liaUe  to  be 
scamped  than  in  a  culvert,  which  is  built  in  the  open,  and  can  be  inspected 
inside  and  out  at  every  stage  of  constructitm. 

Stunmarising  these  points  : — It  would  appear  that  the  tonnel  plan  should 
be  adopted  in  large  works  where  skilled  labour  is  abundant.  Where  unskilled 
labour  only  is  procurable  it  is  quite  possible  that  bad  workmanship  may 
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resiiil  in  unseen  defects,  which  prevent  the  attainment  of  the  almost  absolute 
safely  which  the  ttmnel  plan  (if  well  executed)  undoubtedly  secures. 

It  must  also  be  remembered  that  even  though  a  culvert  should  be  slightly 
fractured  by  settlement,  the  defect  is  by  no  means  irremediable,  and  probably 
merely  entails  the  injection  of  three  or  four  barrels  of  cement  grout  under 
pressure. 

I  may  also  mention  the  method  adopted  at  Staines  reservoiis,  which 
seems  almost  ideal  where  an  impermeable  stratum  of  sufficient  thicknest  is 
known  to  exist  at  a  small  depth.  Here  the  culvert  was  carried  not  only  under 
the  dam,  but  also  under  the  puddle  wall,  with  its  top  at  a  depth  of  some  7  feet 
below  the  top  of  an  impermeaUe  stratum  of  London  clay.  It  was  thus  possible 
to  comtriite  all  the  advantages  of  undisturbed  ground  secured  by  the  tunnel 
system,  with  a  length  of  culvert  but  slightly  in  excess  of  that  required  to 
traverse  the  dam  at  its  base. 

The  design  of  the  draw-off  passage  (whether  constructed  under  the  dam 
as  a  culvert,  or  as  a  tunnel  through  the  hillside  irom  the  dam)  needs 
consideration. 

In  the  first  place,  if  the  culvert  is  surrounded  by  puddle,  the  stresses  on 
the  arch  are  unusually  great,  since  welt  made  puddle  is  practically  a  heavy 
fluid  as  regards  vertical  pressures,  but  cannot  be  relied  upon  to  give  the 
same  borixontal  support  at  the  springing  of  the  arch  as  that  which  is  afforded 
by  a  perfect  fluid.  ' 

The  severity  of  the  conditions  to  which  a  culvert  loaded  with  puddle  ia 
exposed,  are  best  realised  by  the  following  investigation.  (See  Sketch  No.  90, 
Fig.  4.) 

Let  /,  be  the  span  of  the  arch,  in  feet,  measured  to  the  intrados. 
Let  h,  be  its  rise  in  feet,  measured  to  the  intrados. 
Let  do,  be  the  arch  thickness  at  the  crown  in  feet. 
Let  Do=i4+?,  where  s,  is  the  height  of  any  rigid  non-moving  filling 
that  exists  above  the  arch  crown,  i^  in  good  work  7—0^  so  as  to 
avoid  leakage. 
Let  p,  be  the    height  of  the    puddle  above  the  crown  of  the  arch 
in  feet,  or  above  the  top  of  the  (iUing  if  7,   is  not  equal  to 
noth|ng. 

If  the  weight  of  the  puddle  per  cube  foot  differs  materially  from  that  of  the 
arch  masonry,  put ; 

/.  Heighi  of  puddk  X  =J^*'f  f  P°'!-'"«  P"  "Ij -'?»', 
■^  "  "^  Weight  of  masonry  per  cube  foot 

Then,  owing  to  the  fact  that  the  puddle  may  sink  unequally,  we  must 
consider  the  arch  as  exposed  to  a  moving  load  equivalent  to^  feet  of  masonty 
per  foot  run. 

For  such  a  case,  Tolkmitt  (Entwer/en  tier  Gtwoblttn  Brueken)  finds  that : 

9J^^ 


h     o-5^+o-i5A-fD„' 
Hence,  da=k  approximately,  if  2=0,  whatever  value  of  ^  be  assumed  ;  for 
we  cannot  assume  that  /,  is  very  much  less  than  30  feet,  since,  although  it  may 
be  doubtful  whether  the  top  portions  of  the  puddle  move  sufficiendy  to  be 


ly  Google 


338  CONTROL  OF  WATER 

considered  as  a  live  load,  there  b  do  doubt  that  the  first  2o  feet  above  the 
culvert  must  be  treated  as  a  live  load.  This  condition  secures  that  there  is  do 
tension  in  the  arch,  and  then  the  equation  ; 

^_. ,  .J  ^  (D.+oV+o-»^)  ,b,.  p.,  ,,„„  ,„, 

gives  the  pressure  at  the  crown  of  the  arch  j  where  10,  is  the  weight  of  a  cubic 
foot  of  masonry.  The  maiimuin  pressure  in  any  portion  of  the  arch  does  not 
«xceed  7.kf 

Now,  let  /„  be  the  span,  and  ky,  the  rise  of  the  arch,  as  measured  to  the 
centre  line  of  the  arch  ;  and  i^i,  the  arch  thickness  at  the  springing  measured 
perpendicular  to  the  centre  line.  Muller-Breslau  {ElastviitaisthtorU  der 
Tonntngewolbe)  finds  that  i^,  the  pressure  at  the  springing,  is  given  by : 


-S-2^|(D.+o-KS+o-i+*)''sec*  T  -^ 


T'^Sf 


-Uo-79>^|ll 


where  tan* *= ^  .,-  ,'■    ^^■■} — -'r 

The  result  obtained  with  the  upper  sign  must  not  be  negative ;  and  witb 
the  lower  sign  must  not  be  greater  than  the  permissible  working  pressure. 

As  a  rule,  we  can  put  T=i;  hut  if  cos  ^  be  greater  than  |,  take^=cos^ 
for  the  first  trial. 

These  rules  are  founded  on  formulae  deduced  by  drawing  the  lines  of 
resistance  of  various  arches  ;  and  the  arches  investigated  were  mainly  paiabcdic, 
or  three  centered. 

Existing  culverts  are  usually  constructed  with  semicircular  arches,  and 

A  =  7,  andrfi=-  is  a  fair  indication  of  their  proportions. 

It  may  be  inferred,  that  these  dimensions  are  probably  of  excessive  strength 
for  the  portions  of  the  culvert  which  are  loaded  with  well  rammed  firm  earth, 
and  that  they  are  too  weak  for  the  portions  under  the  puddle  wall. 

I  have  been  unable  to  find  one  case  where  the  culvert  arches  did  not  crack 
or  settle  if  the  side  filling  was  of  puddle  clay  \  while  few  appear  to  have 
cracked  when  covered  with  puddle,  and  supported  at  the  sides  by  solid 
materia!.  The  cracking  cannot  be  considered  as  amounting  to  a  failure,  and 
in  most  cases  was  scarcely  of  such  a  magnitude  as  to  cause  uneasiness  to  the 
engineers.  It  is,  however,  evident  that  a  side  coating  of  puddle  forms  an 
unfavourable  condition.  1  therefore  recommend  that,  wherever  possitrie,  the 
culvert  should  be  bedded  in  undisturbed  material  up  to  the  haunch  level,  and 
that  a  water-tight  junction  between  the  culvert  walls  and  this  material  should 
be  secured  by  heavy  and  systematic  grouting  with  cement  as  the  side  walls  are 
built  up.  In  cases  where  this  method  is  not  practicable,  it  appears  wisest  to 
design  the  top  of  the  culvert  as  an  arch  to  carry  a  pressure  equal  to  thai 
produced  by  the  puddle  load ;  and  to  spread  out  the  sides  as  shown  in 
Sketch  No.  88. 

While  no  existing  culvert  has  been  constructed  of  reinforced  concrete,  this 
material  seems  admirably  adapted  for  sustaining  the  tensile  stresses  produced 
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by  the  unequal  pressures  on  the  arch.  ]t  may  be  objected  that  the  circum- 
stances are  such  as  to  favour  corrosion  of  the  reinforcement,  but  it  must  be 
remembered  that  the  tensile  stresses  probably  only  act  during  the  settlement 
of  the  puddle,  so  that  corrosion  of  the  reinforcement  at  a  later  date  is  of  little 
importance. 

The  stops,  or  plugs,  which  close  the  water  end  of  the  cidvert  or  tunnel, 
require  careful  construction,  as  they  are  exposed  to  a  head  of  water  equal  to 
the  total  available  depth  of  the  reservoir.     Sketch  No.  91  shows  details. 


Snxrlxe  — ttoMttfaa 

fMUm  of  Briamt  tatwlaJ  RsmfJuos. 
Skbtch  No.  91.— Detuli  dS  Plug  between  Valve  Tower  and  Calvert. 
It  is  doubtful  whether  the  general  form  of  the  ashlar  plug  is  as  sattslacloiy  as  thai  of 
tbe  brickwork  plug.     The  structure  from  which  the  sketch  is  ntade  gives  satisbctlon. 

The  following  specification  is  not  only  suitable  for  such  work,  but  may 
(with  the  obvious  exception  of  radiated  joints)  be  employed  for  all  brickwork  or 
masonry  which  is  intended  to  retain  a  high  head  of  water. 

"  The  plug  to  be  faced  on  the  water  side  with  I  foot  9  inches  of  granite 
ashlar,  radiated  on  beds  and  joints,  having  V  grooves  in  the  same,  run 
full  of  pure  cement  grout,  and  behind  the  ashlar  there  is  to  be  8  feet 
3  inches  of  blue  brickwork  in  cement. 

"Tbe  brickwork  must  be  very  carefully  set  in  cement  mortar,  and 
grouted  in  the  vertical  joints.  The  sides,  floor,  and  arch  of  the  tunnel  are 
to  be  roughened  so  as  to  make  a  good  bond  with  the  brickwork,  which  is 
to  be  well  forced  into  soft  mortar  all  round  the  sides  and  arch. 

"  Three  circumferential  chases,  are  (o  be  cut  or  forrned  in  the  arch 
masonry,  and  concrete,  one  to  fit  the  radiated  ashlar,  and  the  other  two  to 
make  a  good  stopping  chase  with  the  brickwork. 

"The  whole  to  be  madi  perfectly  watertight,  and  the  contractor  to  cut 
all  bricks  to  fit  the  pipes  and  creeping  flanges,  grouting  in  the  same  in  pure 
cement.  All  launders,  troughs,  and  cofferdams  required  to  pass  the  water 
over  the  plug  during  erection,  and  until  the  mortar  is  sufficiently  set  to 
allow  the  water  being  passed  through  the  pipes,  to  be  provided  bv  the 
contractor." 
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Any  rule  for  the  thickness  af  the  plugs,  or  slops,  must  obviously  take  inU) 
account  the  area  of  the  exposed  sur&ce,  rs  influencing  the  streucs  devek>ped 
by  the  water  pressure.  But  it  would  appear  that  a  thickness  of  Jth  to  Ith 
of  the  head  of  water  is  sufficient  to  prevent  any  undue  pereolation,  |x«v)deii 
that  the  stresses  are  not  so  heavy  as  to  produce  tension  in  the  brickwoik.  In 
cases  where  the  stress  formuls  indicate  a  smaller  thickness,  water-tightness 
is  economicaUy  secured  by  means  of  a  layer  of  asphalie,  or  tntumen  sheeting 


Skbtch  No.  91.— Creeping  Flange 

sandwiched  into  the  plug.    Specifications  for  such  work  are  given  00  psge  9 
and  ft  (■ery  excellent   detail   appears  under   the   head  of  Service   Resenoirs. 
(See  Sketch  No.  156.) 

The  details  of  the  chases  deserve  consideration.  The  work  is  not  easily 
inspected,  and  necessitates  a  large  quantity  of  bricks  being  cut.  Thus,  there 
is  a  great  tendency  for  the  masons  to  fill  the  chases  with  a  mixture  of  bats  and 
mortar.     The  chases  should  therefore  be  carefully  spaced,  so  that  they  will 
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marry  easily  with  courses  <rf  the  actual  bricks  vatA  (not  with  the  theory  of  four 
courses  per  fool,  etc).  The  shape  should  also  be  that  of  a  half-brick,  so  as  to 
encourage  the  masons  to  fill  in  with  whole  briclw  j  and  expcriEtice  leads  me  to 
believe  that  bricklayers  (as  distinct  from  really  skilled  masons)  make  a  belter 
job  when  allowed  to  lay  bricks  in  mortar,  and  to  fill  in  the  interstices  with  pure 
grout  at  the  end  of,  say,  each  hour's  work, 

Crttping  FliDtges. — The  general  proportions  tA  creeping  flanges  for  pipes 
in  concrete  are  shown  in  Sketch  No.  92.  The  usual  error  (especially  in  the 
case  of  the  creeping  flanges  to  pipes)  ii  to  make  the  radial  breadth  of  the 
flange  too  smaU.  For  creeping  flanges  in  concrete  a  width,  say,  five  times 
the  thickness  of  the  pipe  suffices.  This  width  will  not  suflice  for  creeping 
flat^^  for  pipes  in  puddle.  The  width  should  be  fixed  by  a  consideration  of 
the  amount  of  settlement  likely  to  occur  in  the  puddle.  From  certain  failures 
it  may  be  inferred  that  the  radial  breadth  should  be  at  least  ^th  (or  better 
still,  ^tb)  of  the  height  or  depth  of  the  puddle  (whichever  is  the  greater) 
above  or  below  the  pipe  or  culvert.  The  real  object  of  such  a  creeping  flange 
is,  of  course,  to  provide  against  slip  and  movement  of  the  puddle ;  and  the 


Skktch  Na  9.1.— Valve  Tower  and  Culvert  at  Jkipar.    (See  also  Sketch  No.  90,  Fig.  i.) 

above  rule  roughly  indicates  the  probable  magnitude.  Where  the  flanges  are 
not  cast  solid  with  the  pipes,  they  should  be  united  with  the  pipe  by  means  of 
a  caulked  lead  joint  resembling  that  used  10  joint  pipes ;  or  else  should  be 
bolted  in  between  the  two  flanges  of  a  flanged  joint. 

Valve  Towsrs  and  Culverts. — The  typical  valve  tower  and  culvert 
arrangement,  with  the  tower  at  some  distance  from  the  centre  of  the  dam,  is 
shown  in  Sketch  No.  88.  The  head  wall  and  sluices  (see  Sketch  No.  94)  is 
a  somewhat  cheaper  method  of  passing  the  same  discharge,  but  only  permits 
water  to  be  drawn  from  one,  or  at  the  most  two  levels,  and  can  only  be  used 
when  firm  foundations  exist  at  a  shallow  depth. 

The  culvert  with  a  central  valve  tower  and  open  approach  channel  is  exposed 
to  fracture  by  setdement  of  the  dam,  and  can  only  be  considered  as  good 
design  when  the  circumstances  are  such  as  to  favour  the  construction  of  a 
masonry  core  wall  In  such  cases  it  is  probably  the  cheapest  solution  of  the 
problem  ;  since  the  valve  tower  forms  part  of^  and  is  built  with,  the  masonry 
core  wall. 

The  various  positions  of  the  valve  tower  produce  a  desigit  which  it  well 
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suited  for  drawing  oiT  the  quantity  of  water  usually  delivered  from  the  n 

for  use  either  in  town  supply  or  in  irrigation,  i^.  a  daily  volume  equal  to  |/|gth 

or  iJnthof  the  content  of  the  reservoir. 

When  it  is  desirable  to  prevent  silting  by  the  rejection  of  ail  turbid  water 
through  an  outlet  at  a  low  level  (diversion  channels  being  too  expensive)  the 
volumes  of  water  to  be  dealt  with  are  far  larger.  Broadly  speaking,  the  problein 
is  toreject,  if  necessary  in  one  day,  a  quantity  of  water  equal  to  a  large  fraction 
(oae-lhird,  one-half,  or  possibly  even  the  whole)  of  the  maximum  daily  flow 
that  usually  occurs  in  each  year.  This  last  may  be  considered  as  about  one- 
sixth  of  the  maximum  flood  (which  occurs  at  intervals^of  lo,  or  30  years)^     Jn 


Sketch  No.  94. — Head'Wall  OutleL 


cases  where  the  reservoir  capacity  is  small  compared  with  the  average  yearly 
rnn-ofT  of  the  catchment  area,  it  may  amount  to  one-tenth,  or  to  one-twentieth 
of  the  capacity  of  the  reservoir.  The  outlet  should,  therefore,  be  large  enough 
to  discharge  about  >^th  to  ^th  of  the  total  reservoir  capacity  even  when'  the 
reservoir  is  nearly  empty,  so  that  no  marked  ponding  up  of  silty  water  need  be 
permitted.  For  preliminary  designs,  the  quantity  rejected  may  be  considered 
as  that  corresponding  to  the  bank  stage  of  the  stream  draining  the  catchment 
area,  and  the  effective  head  under  which  the  orifices  work  may  be  taken  as 
S,  or  10  feet.  The  final  studies  will  of  course  take  into  account  the  sill  content, 
luid  the  regime  of  the  natural  stream. 
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The  problem  it  not  as  yet  fiilly  undentood,  and  the  difficulties  attending 
the  preiiminary  investigations  and  the  preparatioQ  of  the  final  designs  are  very 
great. 

Considerations  of  cost  prevent  a  valve  tower  being  used  for  dealing  with 
such  large  quantities  nf  water,  and  Che  present  solution  usually  consist  of  under* 
shiices  of  the  type  shown  in  Sketch  No.  94-  The  great  difficulty  is  that  the 
system  can  hardly  be  adopted  unless  a  (inn  rock  foundation  exists  at  a  moderiite 
depth.  Typical  examples  are  the  Assouan  masonry  dam,  and  the  Maladevi 
earth  danrL 

Sketch  No.  95  shows  the  present  (1910)  section  of  the  Assouan  dam,  and 
No.  94  the  methods  used  by  Strange  to  connect  a  head-wall  of  simitar  section 
with  an  earthen  bank.  The  design  is  costly,  but  enables  the  waste  weir  either  to 
be  shortened,  orto  be  entirely  dispensed  with.  All  silt  deposits  are  prevented, 
so  that  (correctly  regarded)  the  comparative  cost  in  relation  to  that  of  a  valve 
tower  is  materially  reduced. 


-itfp= 


Sketch  No.  95.— Assouan  Dam  uid  Repikits  below  Shiices. 

The  sketch  shows  a  typical  section.  On  the  aversge  the  repoiis  shown  are  some- 
what more  balky,  and  the  stone  fiu±ig  is  somewhat  thicker  than  is  usually  the  case. 
The  Tock  downstream  of  the  dam  was  cleared  out  until  perfectly  sound,  and  the  excava- 
tion up  to  a  level  of  9-84  feel  (3  m.)  below  the  sluice  bottom  was  tilled  in  with 
lubbte  masonry  in  1°  :  6*  mortal.  Above  this  level  the  mortar  was  I'  :  4*.  The 
cut  stone  lacing  is  usually  1-32  feet  (0-4  ta.)  thick,  laid  in  1°  ;  3*  mortar,  and  the 
bond  stones  are  3*65  feet  (0*8  metre)  deep,  and  at  the  most  exposed  points  are 
•paced  5*25  feet  (1*6  metre]  centre  to  centre.  The  quantities  of  work  are  stated  as 
about: 

47  cube  yards  masonry,  and  19  square  yards  facing,  per  foot  rnn  of  dam  containing 


Very  intense  erosion  is  likely  to  ocaur  in  the  escape  channel,  and  for  this 
reason  alone  a  rock  foundation  must  be  considered  almost  indispensable.  The 
various  sketches  of  under-sluices  (see  p.  695)  may  be  consulted  for  the  details 
of  l^tection  against  erosion,  and  the  aprons  put  in  at  Assouan  in  1901-3,  are 
shown  in  Sketch  No.  95. 

The  design  of  the  wall  (see  Section  in  Sketch  No.  94)  needs  careful 
consideration,  since,  owing  to  the  existence  of  the  large  sluice  openings  the 
unit  pressures  are  likely  to  exceed  the  permissible  values  if  the  height  much 
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excaeda  60  feet.    For  this  reason,  if  for  no  other,  roclc  foundations  under  the 
wall  form  a  necessary  condition. 

According  to  the  present  Indian  practice,  such  under,  or  scouring  sluices, 
can  usually  pass  off  about  one-seventh  of  the  maximum  flood  ;  and  the  re- 
mainder is  dealt  with  by  an  escape  -weir,  either  drowned,  or  with  a  clear  over- 
fall. This  indicates  a  method  which  is  economically  feasible  ;  and  since  the 
problem  of  silt  deposit  is  forcibly  brought  before  the  notice  of  all  Indian 
designers  by  the  large  number  of  old  and  abandoned  silt-6Ued  reservoirs  now  in 
existence,  this  capacity  is  probably  the  largest  that  is  financially  profitable. 
Any  scouring  sluice  of  a  larger  capacity  is  likely  to  prove  too  costly  for  the 
advantages  reaped,  except  in  unusually  favoticable  circumstances. 

SiLT/NG  OF RssEKyoiRS.—lx  is  very  hard  to  slate  general  rules  for  this 
subject.  Silt  deposits  can  be  readily  removed  in  certain  cases  by  means  of  a 
scouring  gallery,  stich  as  is  known  in  Spain  as  a  "  desarenador." 


Plan  of  WeriiiTA  QdffQi. 


Sketch  No.  96.— Desarenador,  or  Scouring  Gallery. 

The  typical,  and  most  successful  example,  ia  the  Alicante  reservoir.  Sketch 
No.  96  shows  the  dimensions  of  this  gallery,  but  the  upper  working  gallery  is 
copied  from  the  arrangements  existing  at  Ekhe.  The  method  of  working  is 
very  clearly  described  by  Aymard{/rri^a/icnj  du  Mididt  PEspagtie,pp.  143  and 
196).  About  every  fourth  year,  when  the  deposits  are  well  consolidated,  as 
is  ascertained  by  boring  a  hole  through  the  wooden  gate,  the  cross-beams  a,  a, 
are  sawn  through  on  both  sides,  leaving  the  gate  supported  only  by  the  inclined 
struts.  Workmen  then  enter  the  upper  gallery,  and  cut  away  these  struts  by 
meansofl<mg  chisels,  and  remove  the  beams  and  gate  by  hooks.  The  silt  deposits 
in  front  of  the  gallery  are  then  pierced  and  stirred  up  by  long,  iron-shod  poles, 
worked  by  pulleys  fromthe  top  of  the  dam.  Once  the  flow  is  started,  the  deposits 
(which  are  usually  about  forty  feet  thick  in  front  of  the  dam),  are  rapidly  scoured 
out,  the  water  initially  standing  about  forty  feet  above  the  top  of  the  silt  deposits. 
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So  Gar  as  can  be  gathered  from  the  information  given  by  Aymard  and 
Willcocks  (which  is  avowedly  approximate  only,  since  no  surveys  exist),  the  four 
yean  silt  deposits  represent  about  3  to  4  per  cent,  and  the  water  used  to  clear  it 
away  about  30  per  cent  of  the  reservoir  capacity.  Such  a  result  indicates  very 
good  working,  and  the  proportiODs  of  the  gallery  are  important ;  for  in  the  case 
of  the  Elcbe  reservoir,  where  the  gallery  is  of  the  saoie  section  throughout  its 
length,  the  process  is  relatively  so  unsuccessful  that  the  reservoir  6Hed  up  in 
about  fifty  years  ;  while  the  Alicante  reservoir  is  some  300  years  old.  Aymard 
^ves  the  general  slope  of  the  Alicante  bed  as  j^,  and  the  reservoir  is  narrow, 
being  about  1000  feet  wide  as  a  maximuin. 

It  would  consequently  appear  that  this  method  is  only  applicable  to 
r«9erToirs  situated  on  steep  sites  ;  and  cert^n  of  the  eailier  Algerian  reservoirs, 
tiie  bed  slopes  of  which  appear  to  ba»e  been  about  b^o,  are  now  silted  up, 
although  provided  with  similar  scouring  galleries.  I  cannot,  however,  state 
that  these  galleries  were  well  adapted  to  local  circumstances  (as  the  Alicante 
proportions  were  slavishly  copied,  and  this,  unless  special  investigations  were 
made,  would  appear  illogical),  or  carefully  worked,  as  the  records  show  that 
the  dams  themselves  gave  trouble  by  cracks  and  fissures  during  the  whole 
history  of  the  reservoirs.  Under  such  circumstances,  it  is  doubtful  whether 
any  engineer  would  feel  justified  in  opening  a  scouring  gallery  which  "works 
with  a  noise  like  cannon." 

It  is  plain  that  these  galleiies  are  only  applicable  where  the  reservoir  can  be 
completely  emptied  at  more  or  less  frequent  intervals  ;  and  that  the  bed  of  the 
reservoir  must  be  steeper  than  would  be  deemed  advantageous  if  storage 
capacity  alone  were  considered. 

Thus,  reservoirs  which  can  be  cleared  ctf  silt  by  a  scooring  gallery  are  by 
no  means  satisfactory  from  other  points  of  view,  since  the  cost  of  the  dam  per 
cube  yard  of  water  stored  will  obviously  be  comparadvely  large. 

Many  large  reservoirs  exist  in  the  Bombay  Presidency,  some  of  which  are 
subject  to  silt  deposits.  In  the  earlier  designs  it  was  considered  sufficient  to 
allow  about  10  per  cent  extra  capacity  for  silting.  I^ter  designs,  however  (the 
tddest  British  built  reservoir  dates  fiwn  tS68),  treat  the  matter  more  system- 
atically. The  waste  weir  is  supplemented  by  a  set  of  powerful  under-sluices, 
which  pass  away  the  silted  water  brought  down  by  the  early  monsoon  floods, 
and  it  b  hoped  that  this  method  (if  carefhlly  apfdied)  will  suffice.  Inspection 
of  the  large  number  of  ancient  silted  reservoirs  existing  in  India  is  not  very 
encouraging.  It  maybe  anticipated  that  existing  reservoirs  (unless  provided 
with  very  poweiful  noder-sluices)  will  also  slowly  silt  up  ;  although  it  is  quite 
ponible  that  the  period  necessary  for  silting  to  cause  appreciable  damage  may 
be  measured  in  centuries,  rather  than  years.  The  final  results  will  probably 
depend  more  on  the  quantity  of  water  which  can  be  passed  to  waste, 
than  on  the  actual  dischaige  capacity  of  the  under-sluices.  No  amount 
of  sluice  capacity  will  prevent  marked  silting  in  those  reservoirs  which  store 
water  for  two  or  more  years,  and  are  supplied  by  a  catcbment  area  the  mini- 
mum annual  flow  of  which  is  insufficient  to  fill  them. 

The  Nile  reservoir  at  Assouan  is  worked  on  the  principle  of  rejecting  the 
silted  water  of  the  rising  flood,  and  retaining  only  clearer  after  waters.  The 
circumstances,  however,  are  fax  more  favourable  than  is  usual  in  India.  The 
Nile  floods  are  so  regular,  and  the  system  of  up-dver  gauge  reports  so  excellent, 
that  it  is  very  rarely  necessary  for  any  silted  water  to  be  even  temporarily 
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retained  in  the  reservoir.  While  in  Indian  reservoirs,  owing  to  uncert^tHy 
as  to  the  future  supply  of  water,  it  is  frequently  necessary  to  store  heavily  silted 
water.  Also  the  Assouan  under-sluices  can  pass  off  the  flood  discharge  of  the 
river  at  a  mean  velocity  of  about  20  feet  per  second,  so  that  hardly  any  ponding 
up  of  silted  water  (and  consequent  deposition  of  silt)  takes  place. 

It  would  therefore  appear  that  designs  on  similar  lines  will  permit  reservoin 
to  be  kept  clear  of  silt ;  but  the  practical  difHculties  of  sacrificing  all  the  high 
flood  water  in  reservoirs  the  capacity  of  which  is  any  large  fraction  of  (he  mean 
yield  of  the  catchment  area,  arc  obvious. 

It  must  also  be  noted  that  the  Assouan  dam  is  founded  on  hard  granite. 
Even  under  these  extremely  favourable  circumstances,  extensive  and  costly 
repairs  have  been  found  necessary  below  the  under-sluices,  and  it  is  doubtful 
whether  they  will  not  have  to  be  repeated  at  frequent  intervals.  (See  Sketch 
No.  9S.) 

Suggestions  have  been  made  for  the  mechanical  removal  of  silt  by  dre^ng, 
the  requisite  power  being  obtained  from  turbines  worked  by  the  stored-op  water 
and  transmitted  electrically.  The  principle  is  a  good  one,  and  it  must  be 
remembered  that  the  power  obtainable  from  a  storage  reservoir  the  main 
function  of  which  is  irrigation,  will  rarely  be  found  of  much  value  for  manu- 
facturing purposes,  owing  to  the  variability  both  of  the  discharge,  and  of  the 
available  head  of  water. 

In  the  case  where  this  electrical  dredging  was  proposed,  the  local  con- 
ditions were  somewhat  peculiar.  As  a  general  rule,  where  such  an  installation 
proves  necessary,  a  more  economical  form  of  power  would  undoubtedly  be 
steam,  or  oil  engines,  carried  on  the  dredger  itself. 

It  will  be  seen  that  there  is  a  certain  relation  between  the  ratio  which  the 
capacity  of  the  reservoir  bears  to  the  mean  annual  flow  of  the  catchment  area, 
and  the  probability  of  damage  by  silt. 

Let  us  assume  that  a  river  (over  the  whole  of  the  year)  deposits  in  the  form 
of  silt  o'S  per  cent,  of  the  volume  of  water  entering  the  reservoir. 

Lei  us  first  consider  a  very  unfavourable  case,  such  as  the  Austin  reservoir 
in  Texas.  Here  the  virfume  of  the  reservoir  was  ^^th  that  of  the  mean  annual 
flow,'and  the  dam  being  of  the  overflow  type,  circumstances  favoured  the  dis- 
position of  silt.  Under  the  above  assumption  the  yearly  silt  deposit  would  be 
!(Vii=}th  of  the  volume  of  the  reservoir.  As  a  matter  of  fact,  in  seven  yean 
about  49  per  cent,  of  the  volume  of  the  reservoir  appears  to  have  been  silted 
np. 

A  reservoir  of  40  times  the  capacity  would  probably  have  caused  the  deposit 
erf  a  greater  proportion  of  the  silt  entering  it.  The  deposit  in  seven  years  would 
theoretically  have  atnounted  to  7x0-5=3-5  per  cent  of  the  voltmie  of  the 
reservoir,  and  in  practice  it  might  be  expeaed  to  be  at  least  ^XS'S^i'S  per 
cent,  say,  and  either  figure  is  (comparatively  speaking)  small,  although  not  very 
satisfactory. 

Consequently,  an  overflow  dam,  or,  in  fact,  any  dam  without  powerful  under- 
sluices,  is  quite  unsuited  for  a  reservoir  of  which  the  capacity  is  so  small  a 
fraction  of  the  mean  annual  flow  as  was  the  case  in  the  Austin  dam.  The 
Hamiz  and  Habra  dams  are  similarly  defective. 

On  the  other  hand,  the  average  British  town  water  supply  reservoir  btdds 
about  33  to  50  per  cent,  of  the  mean  flow;  and  although  the  floods  are  turbid,  it 
is  doubtful  whether  the  mean  turbidity  over  the  year  amounts  to  even  o'oi  per 
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cent.  However,  let  us  assume  that  o'l  per  cent,  is  possible.  The  yearly 
deposit  is  at  most  0'2  (o  0*3  per  cent,  of  the  volume  of  the  reservoir,  and  is  pro- 
bably less  than  one-tenth  of  these  figures. 

Thus,  an  overflow  dam,  or  a  high  level  escape  weir,  is  quite  allowable  in 
such  cases. 

The  general  principles  are  evident 

When  the  reservoir  volume  is  small  in  comparison  with  the  mean  annual 
flow  (or  rather,  with  the  yearly  volume  of  silt  carried  by  the  river),  the  dam 
must  be  of  the  Assouan  type,  i.e.  provided  with  powerful  under-sluices.  These 
must  be  systematically  citoployed  during  the  high  water  season  to  pa33  off 
heavily  silted  water,  and  to  scour  out  deposits.  Later  on,  the  clearer  waters 
can  be  retained.  In  fact,  we  should  endeavour  to  sttve  what  is  mostly  ground 
water  flow,  coining  down  after  the  fiobd  season  is  finished. 

Theprocessisnot  difficult  where  the  volume  of  the  reservoir  is  4\(thorAthof 
the  mean  annual  run-oiT  of  a  fairly  permanent  river,  such  as  occurs  in  tolerably 
damp  climates.  Difficulties  begin  when  the  volume  is  ooe-leuth,  or  one-fifth  of 
the  mean  annual  How  of  a  variable  river.  Even  in  a  fairly  moist  condnentftl 
climate,  the  minimum  annual  flow  may  be  only  about  two-6fths  of  the  mean. 
In  such  a  year,  any  error  in  judgment  might  entail  starting  the  dry  SeaGOn  with 
the  reservoir  only  partially  Riled  ;  and  in  a  dry  oenttnental  climate  matters  are 
even  more  difficult.  The  correct  procedure,  nevertheless,. is  plain.  ^stemUic 
rain-fall  observations  and  gauginga  must  be  carried  otit  during  the  constnjctioD 
of  the  reservoirs  It  should  then  be  possible  to  estimate  the  quantity  of  rain-fiiU 
falling  towards  the  end  of  the  rainy  season  thiU  will  certainly  produce  enough 
nin-off  to  fill  the  reservoir,  and  to  determine  the  relation  that  this  bears  to  the 
minimum  yearly  rain-falL 

Thus,  assume  a  case  where  the  flow  of  the  stream  usually  ceases  in  October, 
and  let  it  be  found  (by  actual  observation)  that  4  inches  ofntin  falling  in  August 
or  in  September,  is  sufficient  to  fill. the  reservoir,  and.  diat  the  minimiim  fall 
between  May  and  October  (which  is  assumed  as  the  flood  season)  is  iz  inches. 
Then  it  will  be  plain  that  if  the  imder-aluices  are  closed  each  year  when  8 
inches  of  rain  have  fallen,  it.  is  extremely  improbable  that  the  reservoir  will  not 
GU,  and  the  longer  the  records  are  maintained,  the  more  closely  the  limit  can 
be  fixed.  A  study  of  the  ground  water  storage  on  the  methods. laid  down  by 
Vermeule  should  be  extremely  useful  in  such  cases.  The  unportant  matter  it 
that  the  designer  ,should  state  his  princifdes,  and  should  definitely  order  the 
required  observations  to  be  made,  so  that  the  records  oiay  be  available  when 
the  question  becomes  acute. 

Thus,  in  all  cases  where  the  flow  of  the  driest  year  can  be  relied  upon  to 
fill  the  reservoir,  silt  deposits  can  be  materially  diminiihed,  or  can  possibly 
be  entirely  prevented  if  the  under-sluices  are  sufficiently  powerful.  At  present, 
the  experience  which  would  permit  any  definite  rule  being  given,  does  not  exist. 
However,  this  is  not  vfery  material,  as  a  preliminary  stanching  of  the  reservoir 
bed  by  silt  deposits  is  actually  advantageous,  since  it  will  minimise  leakage. 

The  general  principles  both  of  design  and  of  observations  are  very  concisely 
stated  by  Wilcocks  {Nile  Riurvoir  Dam  at  Aasouaa),  as  follows : 


The  natnral  stream  bed  must  be  stiuUed,  and  if  any  luusually  contraaed 
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portions  exist,  above  vbich  sih  deposits  are  not  produced,  the  area  of  the  stream 
channel  in  these  places  can  be  taken  as  a  basis  for  the  design  of  the  under- 
sluices.  In  other  cases  it  appears  best  to  assume  an  area  for  the  under-sluices, 
to  calculate  the  heading  up  necessary  in  order  to  pass  the  greatest  flood  ihrough 
this  area,  correcting  for  the  velocity  of  approach  indicated  by  the  cross-sections 
of  the  reservoir,  and  then  to  examine  the  possibilities  of  silt  deposit  in  the  pond 
formed  above  the  dam.  It  must  always  be  remembered  that  a  certain  a 
of  silt  deposit  may  be  expected  in  the  early  years  of  the  life  of  the  r 
which  is  harmless  imless  it  bears  too  large  a  ratio  to  the  reservoir  capacity. 

Permeability  of  Eakthen  Dams.— All  earth  dams  are  saturated  by 
water  up  to  a  plane  sloping  more  or  less  irregularly  anay  from  the  water  surface . 
The  most  exhaustive  series  of  observations  on  the  subject  are  those  made  by 
the  Bombay  Irrigation  Department  {Exptriments  on  the  Saturation  of  High 
Entbaakmtnti).  The  earlier  and  less  complete  observations  on  the  Croton 
(N.V.)  watered  dams  are  most  useful,  as  showing  that  differences  in  the 
methods  of  construction  and  climatic  conditions  have  little  elTect  on  the  general 

The  slope  of  the  saturation  plane,  measured  over  a  short  distance,  is  veiy 
irregnlar,  is  obviously  greatly  influenced  by  accidental  circumstances,  and 
fluctuates  as  the  water  in  the  reservoir  rises  and  falls.  The  average  slope 
measured  from  the  water  imface  to  the  saturation  level  at  a  point  below  the 
downstream  toe  of  the  dam,  is  fairly  constant,  and  its  mean  value  for  sev^ 
dams  (which  are  practicidly  of  uniform  material  all  through)  is  cryi,  the  maxi- 
mum being  0-46,  and  the  minimum  (about  which  there  is  some  doubt)  orn. 

In  dams  composed  of  thick  clay  cores  with  more  penneaUe  outer  casings, 
the  slope  in  the  clay  is  about  o'32  to  0*35,  and  in  the  casings  o'i4  to  o'i6.  In 
three  dams  «4iich  are  very  welt  drained,  and  are  composed  of  clayey^material, 
the  value  is  o'so,  o'3i,  and  0*39. 

The  figures  for  the  Croton  dams  are  almost  identical,  ranging  ftom  0*14  to 
0*40  t  the  higher  figure  indicating  the  very  best  construction  ;  «4ule  the  mean 
is  about  0-33,  which  agrees  very  fairly  with  the  mean  for  the  whole  section  of  the 
Bombay  dams  in  which  the  hearting  only  is  of  clay. 

The  Croton  dams  have  masonry  core  wails,  and  although  the  observation 
pipes  were  not  spaced  sufficiendy  closely  to  allow  of  a  definite  statnnent  being 
made,  the  engineers  who  made  the  observations  (see  En^aeerit^  Nevs, 
Nov.  38,  1901)  considered  that  the  core  wall  produced  a  drop  of  10  to  13  feet  in 
the  plane  of  saturation. 

My  own  observations  on  a  well  made  British  dam  indicate  slopes  of  0*90  to 
o'37,  and  that  a  good  puddle  wail  produces  a  drop  of  about  so  to  30  feet  The 
figures  are  hardly  comparable  with  the  above-mentioned  Indian  and  American 
results,  as  the  dam  was  newljr  made,  and  the  Indian  observatioaB  show  that 
steeper  slopes  may  be  expected  in  older  dams. 

The  banks  of  the  Punjab  irrigation  canals  are  very  badly  made  when  com- 
pared with  the  work  required  in  the  case  of  high  dams.  Slopes  as  flat  as  0^07 
and  0*09  occur.  Under  these  circumstances  a  bank  in  which  the  slope  of  the 
line  joining  the  fiiU  supply  level  at  the  water  face,  and  the  oatet  toe,  is  steeper 
than  o'lS,  or  o'i6,  usually  gives  trouble  by  seepage  on  the  outer  fiace,  which 
(if  the  soil  is  of  a  bad  quality  originally)  may  cause  a  slip.  (See  Sketch 
No.  317.) 

The  engiAcers  reporting  on  the  Croton  dams  make  certain  deductioBs  from 
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tlieit  obsermtions  rcgaiding  the  stability  of  earth  dams.  I  have  submitted  their 
deductions  to  systematic:  small  scale  tests,  and  believe  that  they  are  unwarranted^ 
So  fer  as  my  observations  go,  an  earth  bank  is  perfectly  stable  under  percolation 
(however  great),  provided  that  the  water  issuing  from  the  bank  does  not  carry 
away  more  particles  of  the  earth  than  it  deposits  In  the  dam.  The  question  of 
the  stalnlity  of  a  dam  is  therefore  intimately  connected  with  the  silt  content  of 
the  water  in  the  reservinr.  Patting  aside  the  extreme,  and  unpractical  cases 
where  the  leakage  is  so  great  as  to  appreciably  reduce  the  volume  stored  in  the 
rdservmr,  the  problem  is  meiely  to  dispose  of  the  leakage  in  such  a  manner  that 
the  finer  partidea  are  not  reduced  in  number.  If  therefore,  the  «-ater  entering 
the  dam  contains  much  aOx,  the  reversed  filter  may  permit  the  more  minute 
pntides  to  pass  away,  provided  that  a  larger  volume  of  similar  particles 
is  deposited  inside  the  dam.  If  the  water  is  very  clear,  even  the  slightest 
removal  of  fine  particles  may  finally  cause  a  breach. 

The  stability  of  barrages  or  weir^  such  as  are  found  on  the  Nile  and  Punjab 
rivers,  is  only  explicable  by  the  deposition  of  silt  above  the  barrage  compensating 
for  the  removal  of  finer  particles  below.  The.  application  of  such  principles  to 
dams  may  be  considered  to  be  risky.  It  will,  however,  be  plain  that  if  the  finest 
particles  can  be  retained,  the  dam  will  be  stable  whether  the  water  is  clear  or 
silted.  Thus,  a  reversed  filter  properly  graded  so  as  to  retain  the  finest  particles, 
will  rertder  very  intense  percolation  harmless. 

In  this  contiection  the  very  interesting  experiments  of  Savitle  (Enginetring 
Newi,  Dec.  34,  1908)  may  be  referred  to.  Here  an  experimental  dam  about  1 1 
fieet  high  and  6  feet  in  length  was  constructed,  and  its  permeability  and  satura- 
tion |dane  were  determined.  The  figures  are  not  quoted,  as  they  refer  to  a  dam 
deposited  by  the  hydraulic- till  method,  but  the  whole  investigation  and  the 
mechanical  analysis  of  the  material  form  a  model  piece  of  work.  Sinular  trials 
should  certainly  be  made  by  any  engineer  contemplating  the  construction  of  a 
hydraulic-fill  dam,  and  would  also  afFord  valuable  infoimatioD  even  when  the 
ordinary  methods  of  dam  constniction  are  adopted,  since  the  results  thus 
obtained,  combined  with  a  survey  of  the  natural  ground  water  levels,  permit  the 
leakage  through  and  the  stability  of  the  proposed  dam  to  be  scientifically 
determined. 

Hydkaulk-pill  /7^i/^.— Hydraulic-fill  dams  are  earthen  dams  in  which 
the  earth  is  deposited  hydraulically. 

Water  is  pumped  or  delivered  from  reservoirs,  at  a  high  pressure,  through 
a  nonle  ag^nst  a  bed  of  earthy  material  situated  at  a  higher  level  than  the  site 
of  the  proposed  dam.  The  water  is  thus  charged  with  a  mixture  of  earth, 
stones  and  clay,  and  is  conducted  by  flumes,  or  pipes,  to  the  dam  site,  where  it 
is  allowed  to  deposit  its  charge  of  material,  and  escape. 

The  prindple  of  the  method  is  plain,  but  the  details  of  execution  require 
amsideralioiL 

In  the  first  place,  the  earth  used  should  be  somewhat  carefully  selected. 
What  is  really  required  is  a  mixture  of  particles  of  all  sizes,  ranging  from  the 
finest  day  up  to  rocks  which  can  barely  be  moved  by  the  ivater.  Clay  alone 
cannot  be  utilised,  and  earth  without  any  admixmre  of  stones  is  liable  to  give 
trouble  by  slipping. 

It  is  also  stated  that  when  the  clay  exceeds  50  per  cent,  of  the  whole  volume, 
trouble  is  likely  to  occur  by  slips,  even  when  stones  and  rock  form  almost  the 
whole  of  the  ftmaining  voltime. 
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Angular  rock  is  detrimental, 
since  it  is  not  easily  moved  by 
the  water,  and  when  moved  is 
liable  lo  injure  the  flumes. 

The  process  evidentlf  very 
closel/  imitates  the  manner  in 
which  'beds  of  day  and  sand  aic 
deposited  by  rivers  ;  and,  if  well 
carried  out,  may^be  relied  upon  to 
produce  a  good  bank.  Indeed,tfae 
chemical  compoutioa  &ad  phys- 
ical properties  of  the  clay  portion 
of  the  deposit  markedly  resemble 
those  of  good  puddle  clay. 

Aa  we  wish  to  obtain  a 
section  of  material  in  grades  re- 
sembling that  of  an  Indian  e^nh 
dam  with  a  puddle  hearting,  it 
is  [dain  that  the  loaded  water 
should  be  delivered  at  the  edges 
of  the  bank,  so  that  it  may  then 
deposit  the  heavier  material, 
forming  a  pitching,  or  rip-ia.p 
(sec  Sketch  No.  97).  The  watef 
should  be  drawn  off  near  the 
centre  of  the  dam  by  a  sub- 
standal  tower,  so  that  clayey 
particles  may  be  deposited  at  the 
place  where  a  puddle  heartiag 
would  usually  be  situated.  - 

The  method  has  been  prin- 
cipally employed  in  dry  climates. 
Certain  phenomena  in  hydraulic* 
(ill  dams  now  under  construction 
in  climates  where  rain  is  some* 
what  more  frequent,  lead  me  to 
believe  tHat  the  method  will 
either  prove  impracticable  in  a 
moist  climate,  or  will  only  be 
possible  witli  material  contmn- 
ing  a  somewhat  smaller  pro- 
portion of  clay  than  that  stated 
above.  But  it  is  evident  that 
each  material  should  be  separ- 
ately considered,  and  all  that 
can  be  definitely  said  is  that  the 
more  moist  the  climate,  the 
smaller  the  proportion  of  clayey 
or  saturable  jnaterial  tint  can 
easily  be  dealt  with. 
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The  danger  of  slipping  bung  greatest  just  after  deposit  (while  excess  water 
is  OQiing  &om  the  bank)  it  is  pl^n  that  there  is  a  certain  element  of  luck,  in  that 
the  accidcDtal  coincidence  of  »  spell  of  wet  weather  with  the  delivery  of  material 
containing  a  larger  proportion  of  clay,  may  lead  to  A  partial  slip. 

It  is  but  fair  to  the  process  to  state  that  bad  failures  have  only  occurred 
when  the  method  has  been  recklessly  applied  (the  fill  being  deposited  on  im- 
properly prepared  foandations,  with  inadequate  provision  for  drainage).  It 
would  :4>pear  that  if  systematic  drainage  were  universally  adopted,  after  the- 
manner  provided  for  in  Indian  practice,  the  proportion  of  day  at  present  found 
advantageous  might  be  greatly  exceeded. 

I  may  here  refer  to  the  porous  conduit  adopted  in  the  Crane  Valley  dam, 
and  described  by  Schuyler  {Trans.  Am.  Sac  ofCE.,  vol.  58,  p.  318),  and  would 
remark  that  the  minor  accident  that  occurred  was  plainly  not  due  to  the  conduit, 
wluch  appears  to  have  done  its  work  admirably. 

The  real  advantage  of  a  hydraulic-fill  dam  is  its  low  cost  per  cubic  yard, 
wheu  the  total  quantity  of  earthwork  is  large. 

The  construction  of  such  a  dam  requires  certain  somewhat  onusttal  local 
conditions,  and  a  comparatively  large  investment  in  plant  of  a  rather  special 
type.  Thus,  its  adoption  is  unlikely,  except  in  countries  where  hydraulic 
miniiq;  is  practised,  or  in  the  case  of  large  dams  where  a  certain  amount  of 
expenditure  in  prelimiitary  studies  it  permissible.  Under  such  circumstances, 
I  believe  that  the  method  deserves  consideration,  and  if  the  problem  of  obtain- 
ing good  drainage  of  dte  base  of  the  dam  is  properly  dealt  with,  and  the  available 
material  contains  a  sufficient  proportion  of  sand,  gravel  and  stones  (in  order  to 
secure  stable  slopes),  with  enough  clay  to  form  an  impermeable  core,  the  dam 
should  not  only  be  cheaply  constructed,  but  it  would  appear  that  a  more  satis- 
factory result  can  be  secured  than  by  any  other  method. 

According  to  Schuyler,  the  earth  deposited  in  the  dam  is  packed  into  about 
90  per  cent  of  the  volume  that  it  occupied  before  being  washed  down,  and  only 
the  very  best  rolling  and  afler-consohdation  has  secured  equally  good  results. 

If  the  method  is  considered  sufficiently  infollible  to  permit  of  the  total 
negleciof  all  ordinary  drainage  and  preparation  of  foundations,  the  inevitable 
penalties  of  bad  work  can  be  anticipated. 

Very  few  reliable  figures  as  10  the  power  required  can  be  given  at  present. 

In  the  Lake  Francis  dam  <^t  lufira,  p.  212),  the  percentage  of  solids 
deposited  varied  from  6  to  48  per  cent,  and  averaged  1 7  per  cent,  of  the  volume 
of  water  pumped..  About  s  per  cent,  of  the  scdids  washed  down  were  not 
deposited  in  the  dam. 

The  friction  in  the  pipes,  or  flumes,  varies  so  greatly  with  the  material  used 
thai  no  rules  can  be  given.  Id  some  cases,  a  6  per  cent,  grade  is  found  to  be 
small,  while  in  others  3,  or  3  feel  per  1000  suffices. 

Similarly,  the  best  shape  of  the  flumes  appears  to  be  entirely  dependent 
upon  the  properties  of  the  material. 

It  may  also  be  noted,  that  where  stable  material  is  deficient,  good  results 
have  been  obtained  by  placing  brushwood  in  the  slopes.  Where  sand  is  in 
excess,  and  tends  to  forni  layers  across  the  bank,  stirring  with  spades  or  poles 
is  advisable. 

RocK'FiLL  Dams. — In  rock-fill  dams  the  body  of  the  dam  is  constructed 
of  loose  rock,  and  impermeability  is  secured  by  a  core  wall  and  cut  (^  of  earth, 
clay,  steel  plates,  concrete,  masonry,  or  other  material.     Sketch  No.  98  shows  a 
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tyi»cal  section,  and  a\sa  illus- 
trates the  fact  that  an  imper- 
meable core  wall  cannot  be 
dispensed  with. 

Schuyler  (  ReservairzfiirliTi- 
goHon,  etc)  enumerates  seven 
types  of  core  wall.  Study  of 
tbe  examptes  leads  me  to  be- 
lieve that,  as  a  rule,  die  metiiod 
of  constmctiiig  the  rock  work  is 
such  that  settlements  as  large 
as  (and  in  the  case  of  bod  work 
many  times  larger  than)  those 
which  occur  io  eu^en  dams 
take  place  in  the  rock  fill  when 
water  is  first  admitted  into  tbe 
resenror.  Thus,  ruptnre  of  the 
impermeable  ooating  has  to  be 
guarded  i^CainsL  Inthesucoest- 
fol  examples  the  impermeable 
coating  is  either  of  earth  or  day, 
and  is  consccjuently  elastic,  and 
is  of  considerable  thickness  ;  at 
else  it  consists  of  a  vertieal  w«II 
of  steel  or  reinforced  concnrte  of 
sitfficieat  strength  to  resist  the 
stresses  produced  by  settlement. 
Success  has  also  attended  the 
use  of  thin  masonry,  concrete,  or 
wooden  diafrfiTagms,  but  only 
when  these  are  laid  ^[ainst,  or 
are  buiied  in,  hand  Uid  rabUe 
walla  of  consideraUe  thickness. 

The  rock-fill  type  of  dam  is 
at  present  somewhat  discredited, 
owing  to  numerous  failures  hav- 
ing occnned.  Such  failmcs, 
however,  are  usually  clearly 
traceaUe  to  bad  constraction, 
and  are  most  frequently  caused 
by  tbe  cut-oflF  trench  not  being 
taken  down  to  a  sufficient  depth. 
Indeed,  in  most  cases,  no  odier 
type  of  dam  wotild  have  been 
expected  to  stand  audi  treatment, 
and  the  rock-fill  dam  "made  a 
better  show"  than  could  haw 
appeared  possible. 

It  may  consequently  be  stated 
that  the  type  is  serviceable,  and 
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appeare  adminibly  adapted  lo  cases  where  the  foundatitm  is  hard,  but  penne- 
able,  e.g.  of  thick  beds  of  deeply  Assured  rock. 

Percolation  must  then  occur,  and  so  long  as  it  is  not  sufficient  to  remove 
either  the  foundation  rock,  or  the  rockwork  of  the  dam,  the  dam  will  stand 
where  an  earth  dam  would  be  eroded,  or  where  a  masonry  structure  would  be 
destroyed  by  upward  pressure. 

The  resemblance  between  such  dams  as  the  typical  rock-fill  dam  (see 
Sketch  No.  98),  and  the  Indian  composite  dam  with  a  dry  stone  toe,  is  obvious. 
Owing  to  the  more  careful  methods  of  construction  employed  in  India,  the 
Indian  type  (height  for  height)  is  less,bulky. 

The  sketches  of  the  Escondido  and  Otay  dams  are  typical  of  good  American 
practice,  although  the  Otay  dam  has  not  yet  sustsuned  the  full  depth  of 

■eT'S-Pbik 
J'4'c.Jic. 


/land  l^dceH 
nubble  I   TipHe^ 


Sketch  No,  99,— EscoixEdo  Dam. 


The  Escondido  dam  (Sketch  No.  99)  is  founded  on  partly  disintegrated 
granite,  containing  large  boulders.  The  cut-off  trench  at  the  upper  toe  is  from 
3  to  13  feet  deep,  and  is  filled  with  5  feet  thick  rubble  masonry  in  Portland 
cement.  The  facing  is  composed  of  two  layers  of  redwood  planks,  each  three 
inches  thick,  for  depths  of  50  to  76  feet  below  top  water  level ;  s  inches  thick 
betwon  25  feet  and  50  feet  below ;  and  li  inch  thick  when  less  than  15  feet 
belaw.  The  planks  are  spiked  to  5x6  inch  vertical  Limbers,  5  feet  4  inches 
apart^  eoiheddcd  in  the  hand-laid  dry  rubble  facing  wall  so  as  to  tvoject 
2  india  beyond  it.  This  2  inches  of  space  was  filled  as  the  planks  were  laid 
with  laimned  Portland  cement  concrete.  The  dry  rubble  wall  was  1$  feet 
thick  at  the  bottom,  and  5  feet  thick  at  the  top. 

If  we  assume  that  the  cut-off  trench  is  carried  down  to  a  sufficient  depth, 
and  regard  the  phink  facing  as  a  temporary  expedient  which  is  to  be  replaced 
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by  permancnL  work  later  on  (as  local  conditioDs  peimit),  the  design  maybe 
considered  to  be  first  class,  and  t4  be  well  adapted  to  the  locality. 

It  is  somewhat  difficult  to  criticise  the  Otay  dam  (Sketch  No.  too),  as,  judg- 
ing from  the  foundation,  either  a  masonry,  or  an  earth  dam,  could  have  been 
erected.  1  shall  therefore  merely  describe  the  steel  core  walL  This  is  of  three 
steel  plates,  each  033  inch  thick  for  the  first  15  feet ;  then i  inch  thick  to  Jp 
feet  high,  getting  thinner  towards  the  top. 


^ofMtmg 


Detail  df  'Base  of  Core  ii^ 


Skbtch  No.  100.— Otay  Dam. 

The  plates  were  riveted  togelber,  and  were  caulked  on  the  water  face  Nde^ 
They  were  then  brushed  over  on  each  side  with  hot  aspAalt  of  a  somewhat 
liquid  consittency.  On  this  was  placed  burlap,  which  bcld  the  soft  asphalte  in 
place.  The  whole  was  then  coated  with  a  harder  grade  of  asphalte,  and  «as 
then  enclosed  in  a  wall  of  "rubble  masonry  in  Portland  cement  concrete"  (£a 
probably  concrete  with  "plums")i  ^  fixt  in  thickness,  the  plate  lying  in  tbe 
centre. 

The  shuttering  of  the  wall  (made  of  i  inch  boards  on  3  inch  by  6  in«^ 
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posts)  was  lefl  in  place,  and  the  rock  fill  was  built  against  it  on  e^ch 
side. 

The  success  01  failure  obviously  depends  upon  the  manner  in  which  the  rock- 
work  was  laid,  and  since  the  dam  has  not  yet  filled,  the  case  remains  unproved. 

The  details  of  the  steel  plating  and  its  treatment  are  plainly  good,  although 
they  are  capable  of  improvement  if  expense  has  not  to  be  considered. 
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e  of  the  >i«a  A,  from  the  w 


and  J„ 

e,  a  tbe  veitical  "  lail "  thicknest  of  the  dam  in  feet  (we  p.  ^lio). 
C  [see  p.  36s). 
d,  it  naed  for  the  depth  in  feet  below  top  water  level  when  investigMii^  Atcherley'i 

theory  (see  p.  381). 
E  (see  p.  365).  J 

H,  is  the  hotiiraital  force  sctine  on  the  area  A.     H  = 
K(sef  -    -"-' 


K(seep.^I). 
*  (see  p.  36s). 
/,  is  a  Buffii  (see  p. 


«  (see  p.  ^). 

M.,  is  the  moment  of  A.  about  the  wsiei  lace  end  o(U-\  >  while, 
N.,  is  tbe  moment  of  A.  about  the  water  face  end  of/.;  thus, 
*r.-,,i«  the  moment  of  y  -  -    - 

,  when  a.  mffiz  denote* 

p,  is  the  vertical  pressure  at  the  water  lace  oi  the  section  t.     For  mit  used,  see  p.  361. 

P(W!p.38s). 

A  (see  p.  363). 

A  («e  p.  373). 

jC  (*e  p.  383). 

q,  IS  the  vertical  pressure  at  the  downstream  face  of  I,     See  under/,  for  units,  aiid  for 

?n  f»  /,  and  Q, 
r.,  IS  the  batter,  i.t,  the  Stance  in  feet  which  the  water  face  end  of  r.  is  shifted  towards 

the  water  relative  to  tiie  water  lice  of  („_,. 
r,  h  used  for  the  vertical  pressure  Bt  any  point  distant  x,  Stoat  the  water  face  of  /. 

(See  p.  360.) 
S,  and  S,,  are  used  for  horiiontal  shears  in  Atcherley's  invcstig^ion.     (See  p.  380.) 
',  ii  used  for  the  water  pressure  existing  in  a  crack  when  investigating  fissures,  i.e.  from 

page  383  onwards. 
',  is  the  horiiontal  thickness  ofa  dam  at  a  level  x,  or  i^(p.  381),  below  the  highest  water 

"(leep.  367). 

V,  is  the  vertical  fMce  acting  on  the  section /.     V  =  Ap. 

W(,eep.38o). 

',  is  used  for  the  depth  of  the  section  /,  below  lop  water  level,     x,  is  also  used  as  a 

_     Tumnng  conoid  isate  on  page  360  and  380. 

^,>ndj'{5eep.  381). 

y.  IS  the  distance  of  the  point  where  the  resultant  of  H,  and  V  cuts  the  sectirai  /,  froni 

the  water  face  end  of/.   7,  is  also  ufied  as  a  running  co-ordhiate  on  page  380. 
*,  (S  the  length  of  the  crack,  in  feet. 

9,  is  the  angle  between  the  downstream  face  of  the  dun  and  the  vertical. 
A  is  the  specific  gntvitj  of  the  masonry. 
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SUMMARY  OF  EQUATIONS 
yertUai frtiturti.—r=p*^{q - p)  -  V  =  A^ 

M  ^l- 

/.-?(-?)       '.-t(?-) 

Appkoximatb  Section  op  the  Dam.— 

J*  T*  X         E*  /Ay 


.rt-ie-H+V 


A»=A.. 


xt±^ 


Battsk  EgUATtof.s.— 


r  aA^.-6M., 

"    6A,_,+(a/._,+/,;4 

JAuc^nHm  frasi4n=j  see*  «,  or  ft  see*  9 
=  3'35x  approzunalelj 
=9032  Ite.  per  square  indt. 

Maxiomm  titara  loi  '5j:  Ibi.  per  square  inch. 


Fissures.— 

■      "-^.l"= 

•{■ 

2(3»  +  X) 

-  —  A 

(4 

-m} 

The  other  cases 

.„n 

»""""" 

i«d, 

In. 

aihcr 

bu.  «,d, 

Masonry  Dams. — Masonry  dams  for  retaining  water  are  divided  into  two 

(a)  Gravity  dams,  in  which  the  water  pressures  are  resisted  by  forces  brougbt 
into  action  by  the  weight  of  the  dam  only. 

(J)  Arched  dams,  in  which  the  dam  forms  an  arch,  and  resists  the  water 
pressures  in  the  same  manner  as  an  arch  sustains  the  load  which  is  placed 


ly  Google 


FUNDAMENTAL  ASSUMPTIONS 


339 


As  a  matter  of  feet,  all  arched  dams  act  partly  as  gravity  dams,  attd  most 
gravity  dams  are  curved  [in  plan,  and  are  therefore  subject,  in  «  ^''eatar  m 
smaller  degree,  to  arch  stresses. 

As  a  preliminary  to  the  theoretical  investigation  of  the  stresses  in  either 
type  of  dam,  it  is  necessary  to  investigate  the  internal  stresses  produced  in  any 
section  of  a  gravity  dam. 

Distribution  of  Pressures  in  a  Masonry  Dak. — Suppose  a  force  R, 
to  act  across  a  section  of  unit  breadth,  perpendicular  to  the  plane  of  the  paper, 
represented  by  the  line  £D,  and  for  the  sake  of  simplicity  drawn  as  boriiontal. 
Let  V,  and  H,  be  the  vertical  and  horizontal  components  of  R  {i.e.  perpendicular 
and  parallel  to  ED),  and  let  the  line  of  action  of  R,  cut  ED,  in  P. 

Let  ED  =  t,  and  EP  ->. 

The  ordinary  rules  of  statics  tell  us  that  reactions  exist  at  every  point  in  ED, 
which  may  be  resolved  into  vertical  pressures  and  horizontal  shears. 


i-e'*  12' GuHk  Piles  ab/u^  /z'dparf-^ 


improiedType 


■■  ff-  ausel  PMed 


Sketch  No. 


—Wooden  Sheet  Piling. 


We  also  know  that  the  resultant  of  the  shears  is  equal  and  opposite  to  H, 
and  that  the  resultant  of  the  pressures  is  equal  and  opposite  to  V. 

Further  than  this  our  knowledge  does  not  extend,  and  any  approximate 
solutions,  as  yet  theoretically  obtained,  are  of  somewhat  doubtful  validity, 
except  under  such  restrictions  that  the  results  are  useless  for  practical  purposes. 

It  is  therefore  necessary  lo  make  some  assumption.  The  assumption 
selected  by  engineers  finally  leads  to  the  result  that  the  pressures  vary  uniformly 
across  the  section  ED,  as  shown  by  the  trapezoidal  stress  diagram.  (See 
Sketch  No.  I02.) 

This  is  a  simple  assumption,  and  is  one  which  is  familiar  to  engineers,  but 
it  cannot  ^)e  said  to  have  any  very  strong  theoretical  foundation.  Its  real 
claim  to  respect  lies  in  the  number  of  satisfactory  dams  calculated  according  to 
its  results,  and  the  less  numerous  unsatisfactory  ones  which  must  be  considered 
unsafe  when  the  results  of  the  assumption  are  applied. 

Of  late  years  a  certain  amount  of  experimental  evidence  has  been  accumul* 
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atsd,  which  indicates  that  the  assumption  loads  to  smaller  stresses  thao  2 
found  experimentally. 
Let  therefore : 

q,  be  the  pressure  in  lbs.  per  square  foot  at  D, 
p,  be  the  pressure  in  lbs.  per  square  foot  at  £. 

Then,  at  any  point  Q,  where  EQ  -^  x,  the  piesaure  is ; 

and  we  can  at  cnce  detennin«>),  and  g,  as  fi^ws ; 

(i)  The  algebraic  sum  of  the  pressures  is  equal  to  V,  or  : 


i 


Q 


^!X^^ 


(ii)  The  moment  of  the  pressures  about  any  point  is  equal  to  the 
V,  about  that  point : 

Or,  taking  momenta  about  E  ; — 

Mence,  we  have ; 


^6Vy 


and  y,  is  evidently  the  mean  value  of  the  ptessure  if  distributed  unifonnly  o\-er 
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Now,  cooBider  P,  to  move  along  the  line  ED,  ftom  E,  to  D,  «c  hava  : 

^         P  9  Jfemarkp— 

4V  _  aV  P,  coincides  with  E.  ■  ^,  is  a  pressure,  but  g,  is  a 

/  i  tension. 

I        iV  P,  enters  the  middle  third.    ^ ,  is  «rq,  but  is  cl^anging 

3         /  from  atensios  to  a  pressure. 

1         V  y  P,  is  at  the  mid  point  of  ED.    BothAand  f.ara 

3          t  t  pressures,  and^=y. 

1  aV  P,  leaves  the  middle  third.   /,  is  leio,  and  is  changing 

3  t  from  a  pressure  to  a  tension.  - 

I i-       ^       P,  coincides  with  D.    /,  is  a  tension,  f.  Is  a  pressure. 

In  all  investigations  connected  with  dams  the  symbol/,  is  employed  to 
denote  the  pressure  at  the  water  face,  and  q,  to  denote  the  pre»*ure  at  the 
downstream  face  of  the  dam. 

It  is  therefore  quite  evident  diat  the  only  positiotts  of  the  point  P,  where 
both/,  and  q,  are  positive  and  no  part  of  the  section  ED,  is  exposed  to  tension, 
aie  those  that  lie  between  : 

^-1  and^^S".    That  is  to  say,  P,  isinsidethemiddle  third  of  the  sectioo. 
We  (btu  obtain  the  usual  "  Middle  Third  Rule  "  ; 

"  In  order  to  secure  that  no  tension  occurs  at  any  point  of  a  rectangular 
■ecticm,  it  is  requisite  that  the  line  of  action  of  the  resultant  [uressuTe  on 
that  section  should  fall  within  the  middle  third  of  the  sectiou." 
Although  it  is  not  usually  stated,  the  component  of  the  resultant  force  in  the 
plane  of  the  section  should  be  parallel  to  one  of  the  sides  of  the  section. 

General  Theoty.—TbLa  question  does  not  frequently  occur  in  practice,  but 
let  us  assume  that  ED,  no  longer  represents  a  rectaagular  section,  but  a  section 
the  ana  of  which  is  represented  by  A.  Let,  the  mass  centre  of  this  area  be 
distant  H,  from  K,  and  the  moment  of  inertia  about  a  line  through  the  mass 
centre  and  perpendicular  to  the  pro)eclion  of  H  on  the  plane  of  ED,  be  A^. 
We  at  once  have  the  following  equations  : 

V=/A-(/-y)^        and  Vv=j*Arf-(/-y)^fc^. 


/(I -»•)+?»= ^ 

and  tfaea«  equations  can  be  treated  just  as  A e  simpler  equations  for  a  rect- 
angular section  were  ;  and  are  open  to  similar  theoretical  objections. 

AppiUation  to  /kg  Calculation  of  Ike  Stresses  on  a  HortEotUai  StctiOn  of  a 
Dam. — In  this  case,  if  we  consider  ED,  to  be  a  horiiODtal  secdan  of  a  dam,  say 
I  fixrt  broad  for  simplicity,  we  see  that : 
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V,  is  Ac  weight  of  the  masonry  above  ED,  and  ia  equal  to  the  area  of  cross- 
section  of  the  dam  above  ED  x  the  weight  of  i  cube  foot  of  masonry. 

H,  is  the  horizontal  thrust  of  the  water  on  the  water  face  of  the  dam  above 
ED,  and,  for  the  present,  we  neglect  all  other  forces,  such  as  ttie  vertical  com- 
ponent of  the  water  pressure  that  may  exist  owing  either  to  the  water  face  of 
the  dam  not  being  vertical,  or  to  cracks  in  the  masonry.  So  also,  such 
matters  as  ice  pressure,  and  wave  action,  etc  are  excluded. 

Let  u  take  aa  the  unit  of  welftat  the  weight  of  one  cnbe  foot  of  water  (/.«. 
63-5lbt.^iproii.). 


I.  103.— Kreuter's  MeAiod  of  CalcntBtiag  the  Section  of  •  Dam. 


Then,  if  p  be  the  specific  gravity  of  the  masonry  of  the  dam,  one  cube  foot 
of  masonry  weighs  p  of  these  units. 

In  actual  practice,  p  varies  from  i'8  (ti2  ^Ibs.  per  cube  foot),  or  perhaps  a 
little  less,  up  to  35  (156  lbs.  per  Cube  foot),  or  perhaps  a  little  more.  The 
lower  fignte  indicates  materials  linsmtablie  for  dam  construction,  and  Callfalg  ftr 
special  precautions.  The  higher  figure  indicates  very  good  materials,  and  \-ery 
careful  workmanship. 

In  preliminary  studies,  ^^-yi^  {1406  lbs.  per  cube  foot)  is  a  fair  value  to 
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Now,  (Sketch  No.  103)  let  A,  be  the  area  of  the  dam  section  above  EF. 
Then  V=Ap  is  the  weight  of  the  masonry  above  EF.  Also  let  the  mass  centre 
of  this  masonry  lie  at  a  horizontal  distance  a,  from  E,  which  is  assumed  to  be 
the  water  face  of  the  dam. 

Now,  if  X,  be  the  depth  of  E,  below  the  maximum  water  level  in  the 
reservoir : 

H  =  — ,    and  H,  acts  -  vertically  above  E. 

Hence,  referring  to  the  figure,  we  easily  see  that  R,  the  resultant  of  H  and 
V,  cuts  EF  at  P,  where  EP=-^,  and : 

,*H      -     *« 

Hence^  if  /,  be  given,  jJ,  and  ^can  be  calculated. 

Now,  it  is  evident  that  economy  in,  material  i«  beet  secured  if  tbe  dam  be  so 
designed  that/,  and  g,  are  always,  and  only  just,  positive.     Hence,  we  see  that 

F  =  ^.    Bothat 

/=o,?— ^ 
Next,  consider  the  reservoir  as  empty  down  to  E.    Then  H=o.    Then, 


p,^^M  andy.= 


where />«  and  ;„  represent  the  values  of/,  and  q,  whm  the 
Now,  ^-=(1+;-^-    Hence,  we  get ; 


^fipA' 

'=^  " 

2pA 

as  the  value  of  the  minimum  thickness  of  the  dam  that  is  consistent  with  the 
conditioa  that  no  vertical  tensions  shall  exist  across  the  horizontal  section  EF. 

It  is  plain  that  cases  can  be  conceived  in  which  this  condition  would  not 
suffice  to  produce  a  satisfactory  dam  section,  and  (see  p.  37S)  't  is  probable  that 
a  high  dam  designed  solely  in  accordance  with  this  condition  would  fail  either 
by  shearing  near  its  base,  or  by  horizontal  tension  across  vertical  sections. 
Nevertheless,  under  practical  conditions  a  dam  of  which  the  horizontal  thickness 
at  each  vertical  depth  is  'calculated  by  this  rule  will  be  found  to  form  a  very 
close  approach  to  the  final  design,  and  it  is  therefore  advisable  to  discuss  the 
methods  of  laying  out  such  a  section  before  entering  into  the  modifications  of 
the  theory.  Tile  design  of  a  dam  from  these  condiiiiJns  is  evidently  a  matter 
of  trial  and  error.  Such  methods  are  laborious,  and  if  once  introduced  an  error 
will  be  carried  fbm-ard,  and  will  afiect  at!  the  later  work.  It  is  conBe<iuen(ly 
advisable  to  sketch  out  a  preliminary  design  by  a  less  rigid  plan,  aadto  Ufe  the 
exact  equations  for  checking  and  modifying  this  design  only. 

Prof.  Kreuter  {P.I.C.E.,  vol.  115,  p.  63)  has  shown  how  a  section,  theoretically 
exact  in  form,  can  be  laid  down.  In  practical  work,  it  will  save  time  to  sketch 
out  such  a  section,  and  afterwards  to  introdace  any  modifications  that  practical 
conditions  require. 
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Let  ABCG,  (Sketch  Na  103,  Figs.  3-4)  be  the  upper  portion  of  the  dam, 
which  may  either  be  rectangular  (fig.  3),  or  shapM  to-an  overfall  fotm  (Fig.  3}. 
In  cases  where  the  dam  carries  arches  for  a  roadway  the  pressure  produced  by 
the  weight  of  the  arches  and  piere  must  be  combined  with  the  load  due  to  tt» 
visible  section  of  the  dam. 

Let  /c,  be  the  width  of  the  section  CG. 

Then,  if  A,  be  the  height  of  this  first  section,  and  p  the  specific  gravity  of  the 
masonry  of  the  dam : 

We  haye,  taking  moments  about  the  end  of  4>  (Fig.  4),  when  Che  line  of 
pressure  faHs  at  the  end  of  the  middle  third,  for  a  rectangulac  top  : 

or:        h-U-JZ      . 


and,fo  a  parabolic  top :        h=tsfJlS. 


where  in  each  case  k,  and  /o)  represent  the  height  and  bottom  widthof  this  first 
section.  And,  as  a  general  rule,  if  the  resultant  of  all  vertical  loads  above  the 
line  CG,  be  Vo=«pJ'fA  say,  and  act  at  a  distance  «„,  from  the  point  G,  wher« 
a,=mit  (Fig.  4) :  then,  taking  moments  about  the  end  of  iis; 

«pVa(^-«)^^*        or,        h=lWnp  (4-6»i). 

Next,  consider  a  section  below  this,  cut  off  at  a  depth  3*,  and  assume  the 
intermediate  portion  of  the  dam  to  be  trapeioidaj. 

The  width  ^,,  necessary  to  ensure  that  the  centre  of  pressure  lies  within  the 
middle  third,  both  when  the  reservoir  is  full,  and  empty,  is  obt^ed  as 
follows : 

In  the  case  of  a  rectangular  top  :  ' 

The  total  weight  is,  pAt,+pM  *^^=p  ^  (3'»+'iX  and  by  hypothesis  its  mass 
centre  lies  at  —  from  the  water  bee.  Thus,  its  moment  abeut  the  other  tri- 
section  of  /j,  is : 

and  this  is  equal  to  the  overturning  moment  of  the  water  pressure. 
Therefore,  p/,(y„+/,)=8A' 
Hence,  since  h?=ft^y  we  have : 

A*+3'iA-8fc*=o    or, /it=i7/« 

and  the  total  area  to  ihe  depth  ik,  is  A,=3'3S  ^i^.    And  f,.  ^e  batter  of  the 
vp 

water  face  required  to  cause  the  mass  centre  to  be  at  a  distance  A  from  the  end 

of  /|,  IS  gTven  by  \ 
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Thns,  the  lop  portioo  of  the  dam  should  overhsng  slightly  tonaids  the  water. 
This  is  Icnown  to  b«  undesirahlc,  and  in  practice  the  thickness /|  must  be  slightly 
in  excess  of  rjio. 

If  the  top  of  the  dam  is  parabolic,  the  overitang  is  not  required,  for: 
•'  pTOceedinK  on  similar  lines  :  - 


2'o8^ 


6/1+36/0  ~ 

The  upper  portion  of  the  dam  being  thus  detennined,  let  /,  be  the  thickness 
of  the  dam  at  a  depth  x,  below  the  highest  water  level,  and  A  the  total  area  of 
the  cross-section  to  that  depth.      Sketch  No.  104, 
Then,  reasoning:  just  as  before,  we  have : 
A/    X* 


Now.  plainly  ^=/.    Therefore,  2A  ^=^,  or  integiating,  A»-^--^  .       1 
ax  ax      p  4^ 

We  can  determine  C,  by  considering  that  when  x=-2A,  then  A,  is  the  sum  of 

the  two  sections  already  calculated,  A=Ai  say,  so  that  we  finally  get 


or  :  i=—r--— =^-7-  *•>'  *  rectangular  top, 

X* 

""* '  '"  Vp(r«+i-28A*)  ^^  "  parabolic  top. 

In  practice,  the  sufRxes  must  be  carefully  attended  to.  Ai,  is  the  area  down 
totbeIevelJ^=zA=j^i,  and,  except  in  very  wide-topped  dams,  we  ustially  find 
that  *■— jr,rj.  can  conveniently  be  taken  as  equal  to  A.  Thus,  At.  is  ^hc  area 
between  ^,'=2A,  and  xt—^A,  and  A,,  is  the  total  area=Ai+di,  down  to  the 
level  jj=3A. 

If  for  any  reasMi  it  is  desirable  to  take  x^—Xn  as  not  equal  to  4,  Init  say, 
Xt—x^i  =  i  feet,  then  i„  is  the  area  between  Xi=2h,  and  a:,=3A+s,  and  A„ 
is  the  total  area  down  to  the  level  jr^^sA+f. 

Similarly  /,,  is  the  horizontal  thickness  at  the  level  ^i=zA,and  /»,  is  the 
horizontal  thickseM  at  the  ltytixf=jA,Qt  x,=2Ji+s  feet. 

The  zero  o(x,  depends  on  circumstances.  In  an  overflow  dam  x=o,  at  say 
S  feet  above  the  crest  of  the  dam.  In  a  non-submerged  dam  it  is  usual  to  take 
^=0,  at  the  crest  of  the  dam.  In  final  cajculatiwis,  the  aSowances  made  foe 
ice  pressure  and  shocks  by  floating  bc>dies  (see  p.  394)  must  be  considered  in 
determining  the  level  x=o. 

This  equation  permits  a  preliminary  section  of  the  dam  td  be  set  out  at  any 
depth;  and  if  4pAi'—i6A*»EA*,  we  have  approximately : 


which  is  quite  sufficiently  exact  when  {.),  exceeds  5,  or  6. 


D,=;,lz...,C()Og[c 


CONTROt  OF  WATER 


366 

This  mediod  is  very  convenient  Tor  studyinK  the  effects  of  modificationB  in 
the  upper  portion  or  the  dam,  and  saves  a  good  deal  of  tedious  trial  and  ermr 
in  any  case. 

The  section  obtained,  however,  is  an  idea]  minimum  (subject  to  the  con- 
dition that  the  two  upper  portions  are  as  assumed),  and  only  satisfies  both  the 
middle  third  conditions  if  the  baiter  or  overhang  of  the  water  lace  is  properiy 
adjusted  at  each  of  the  levels  jr„  x^, .  .  .  and  x^. 

The  necessary  batter,  or  overhang,  at  any  depth  x^,  can  be  approximately 
calculated  as  follows : 

Let  A>,  be  the  area  of  the  nth  section,  f>.  between  the  levels  ;rH_j,  and  x^. 

Let  Aib-i,  beithe  total  area  down  t>.  the  leve,  ;r»,. 


Skbtch  No.  104.— Kieuter's  Geoenl  Invettigadoo. 

Now,  assume  that  j-a-x„.i,  is  ao  nnal)  that  the  area  Ah  may  be  regarded  as 
a  pat^lelognim.  Then,  taking  moments  about  the  water  face  end  of  /.,  if  the 
section  above  x^^x  '^  correctly  adjusted,  we  have : 

A,-i('^+'--)+^(J)  -  (A^,+*-)^"=  A^ 

where  r,,  is  positive  for  a  batter,  and  negative  for  an  overhang. 

The  above  equation  is  merely  a  first  approximation,  and  the  conections  are 
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obvious  when  the  upper  section  is  not  accufalely  adjusted,  or  when  tlie  mus 
ceatre  tAb»,  is  not  at  the  mid  point  of /«  (see  p.  370). 

The  utility  of  these  batter  calculations  may  be  regarded  u  doubtful^  in  view 
of  the  relatively  small  importance  of  the  middle  thiid  law  when  the  reservwr  is 
empty.  When  they  are  not  observed,  Che  thickness  of  the  dam  is  somewhat 
altered,  as  is  indicated  by  the  following  investigation. 

Measure  all  absciasK  from  the  water  face  end  of  t„.\.  In  the  usual  aotatiiH) 
let  unaccented  letters  refer  to  the  properly  adjusted  section,  and  accented  lettets 
to  a  section  where  /„  h^s  neither  batter  nor  overhang,  and  is  in  consequence 
increased  to  /•+».. 

Put  Mm  as  the  moment  of  Ah,  about  the  end  of  iW-i,  and  h  =  Xn~Xii~\- 

We  have  in  the  properly  adjusted  section : 
M, ,  x^*      2' 

And,  in  the  modified  section,  without  batter  or  overhang : 
and,  neglecting  such  terms  as  r.-r,  we  have : 


Therefore: 

3,        ,    .  U(U^^      2U^\ 

'w:        ^-^-=-+3mail  terms. 
A,    6pAfl     3 

Now,  the  section  of  the  dam  is  nearly  triai^ular  in  form.    Appraodmately, 


A-  -  "T  -  ^r 

and,  in  any  given  case,  if  the  small  corrections  are  required,  they  c 
calculated. 

Therefore: 

3""         '^"^^'KiSS^    yttjt) 


-+-a-^)--+s 


Thus,  when  a  positive  batter  is  required,  we  could  theoretically  diminish  the 
thickness,  in  place  of  putting  in  the  batter,  and  still  satisfy  the  middle  third 
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condidon  when  the  reservoir  is  full ;  but  \a  consequence  the  condition  would  be 
violated  when  the  reservoir  is  empty. 

When  an  overhang,  or  negative  batter,  is  required,  as  for  example  in  the 
second  section  of  a  rectangular  tainted  dam,  we  must  increase  the  thickness, 
since  overhangs  are  not  allowable  (see  p.  378). 

In  trial  designs,  it  is  best  to  ignore  batters,  and  any  consequent  decrease  in 
thickness ;  but  overhangs,  or  ratber  tbe  consequent  iociease  in  the  thickness 
should  be  calculated.  The  nett  result  is  an  increase  of  2  or  3  per  cent-  at  the 
most,  in  the  votume  of  the  dam.  Whatever  method  of  idjustment,  other  tban 
a  rigid  adherence  to  the  calculated  batters  and  overhangs,  be  aJdopied,  tbe 
total  volume  mustbe  increased  if  the  middle  third  condition  is  to  hold  with  the 
reservoir  full  and  empty. 

Tbe  whole  volume  of  a  dam  of  valuing  height  is  very  rapidly  approximated 
to  as  follows : 

We  have ;       A*  =  Ai*+- — —  = — — 

4p  4f» 

and  we  have  calculated  EA*  =  6*09**  for  a  tectangular  top, 

EA*  =  viih*  for  a  parabolic  top. 

Hence.  A»  =  ^+a  known  quantity 

•      4P         ,  •         , 

We  therefore  take  the  longitudinal  section  of  the  dam  site,  and  calculate  the 
fourth  powers  of  the  height  at  each  point  shown  on  the  section,  add  the  con- 
stant quantity;  and  after  division  by  (bar  times  tbe  specific  gravity  of  tbe 
masonry,  takt  the  square  toctt  of  tbe  result  and  sum  up  by  any  of  the  ordinary 
rules. 

In  two  practical  cases,  I  found  that  the  remit  agreed  within  2  per  cent,  of 
that  obtained  from  an  accurately  calculated  table  of  areas  and  heights.  The 
approximate  result  is  always  somewhat  less  than  tbe  final  value. 

The  preliminary  sketch  being  obtained  as  above,  equations  below  and 
p.  369  should  .be.  used  to  calculate  the  pressures  when  die  reservoir  is  full  and 
empty;  and  any  slight  modifications  required  to  keep  p  positive ;  and  where 
advisable  f„  also  positive,  can  easily  be  made. 

When  tbe  water  face  of  /„_j  is  taken  as  the  origin,  the  required  formuhe 

are:  ^n  =  A^i-^'^—^h,  N,^,  =  a„,A,_, 

Thus,  measuring  from  the  water  face  of  /, : 
N.  -  A„(o„+r,)+|/„(/„+«,+2r.)+|(.(/.+r.)  .  M.+A.r.  -  A»i 

and  tbe  conditions  are  : 

and  if  j^  is  positive,  g„  may  be  slightly  negative  without  any  greai  detriment. 
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and  the  woik  can  be  carried  on  whh  certainty,  as  any  great  divergence  from 
the  preliminary  values  of/*  shows  that  an  error  is  likely  to  have  occurred. 

The  final  determination  of  the  dam  section  requires  certain  conditions  to  be 
bonie  in  mind.    These  are  as  follows ; 

(i)  We  asaall<r  wish  to  make  ^,  not  exactly  -,  but  somewhat  smaller,  say, 
"-  =s  or65,  or  0'64  (see  under  Fissures,  p.  384}. 

For  a  similar  reason  j,  should  be  about  0*34,  or  0*35 ;  though  this  is  less 
essential,  and  -  =  0*30  to  0*32,  is  not  necessarily  a  bad  design. 

(ii)  The  resultant  R,  should  make  an  angle  with  the  vertical  not  much  in 
excess  of  35  degrees.     This  is  usually  secured  by  the  above  rules. 

(iii)  The  discussion  of  Atcherley's  theory  and  Wilson  and  Gore's  experi' 
inents  suggests  (see  Sketch  No.  106)  certain  additions  to  the  section  as 
theoretically  determined. 

In  the  final  calculations,  therefore,  we  usually  find  that  a  certain  economy 
can  be  secured  by  beginning  to  batter  the  water  face  outwards  at  about  one- 
tbird  of  the  total  height  of  the  dam  above  its  base,  even  if  the  calculations  do 
not  indicate  any  theoretical  necessity  for  this. 

As  an  example,  let  us  suppose  that  at : 

jra_,=45  ^^U  <v'^  p—2'2S.    From  the  preliminary  design  we  find  that, 
^,=3o-oo  feet    a1_i->668.     N«_i=669S.    Therefore  iIh_i  =  lo'oz  feet ; 

and  >',fc.i  =  io'oz+i^^=io-o2+998=2o-oo  feet. 

f,=^-(^^ — i)=o'3o3  units=i2'7  lbs.  per  square  fool. 

Thus,  the  conditions  are  satisfied,  and  ; 

f  =101 '5  units=634o  lbs.  per  square  foot. 
/,=  (or3  units=633o  lbs.  per  square  foot. 
Thus,  the  stresses  are  well  within  the  permissible  limits.    When  jri^sjofeel, 
U  is  aboat  33'3o  feet,  according  to  the  preliminary  equation. 
Assuming  that  r^—o,  we  at  once  find  that : 

A.-A^i+^  63-20=826 

N»=M.=M_i+|  (63-20  X  30+33-20^=9193 
Therefore,  o',=  ii-i3feei=a„,  since  r,=o.  .    "  " 

>',-=iri3+-Yg#=iir3+iii37=22-2ofeet. 
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Thus,  p,  is  negative,  and  although  the  value  is  small,  J'..,  must  be  slightly 
increased  unless  a  batter  be  given. 

Putting/,=33'30  feet  will  probably  make ji,  positive. 

The  values  of  M»,  and  A„  corresponding  to  /,=  3330  are  ; 

A,=8z6-3S        Mn^gaoi.        Thus.  <i»=a'«-ii-i4,^i.=  33"i9  feet, 
and/,  is  now  positive. 

Let  us  now  investigate  the  batter  required  to  make  <h.=-,  in  whicb  case 
/n  could  obviously  be  diminished  to  3X  ii'o6=33'i8  without  cau»ng  p,  to 
become  negative. 

Equation  page  366  (gi  ven  for  obtaining  the  batter)  is  obviously  too  coarse  for 
work  where  the  quantities  involved  arc  approximately  0*05  foot,  and  we  must 
use  a  more  exact  equation. 

Taking  moments  about  the  water  face  end  of  /»  we  get  in  the  general 
case  : 

Is  equal  to  A,--,  if  the  middle  third  is  selected,  or  to  Awt,,  if  the  centre  of 

pressure  is  to  lie  at  a  distance  kr,  from  the  water  face  when  the  reservoir 
is  empty, 

2A.f,-6M, 
"*■■  '■"  -  6A^, + (2/^, + /.)* 

where  M.^  is  the  value  previously  calculated,  when  rn=o,  for  the  mmnent 
round  the  water  face  end  of  /■«_!,  of  A«. 

In  this  particular  case,  we  have,  when  /»=33'i8  feet, 

r=   J>t83S-9X33-i8-6x9r90   ^343^     q-qS  foot. 
6x668+2x30x5+3315x5        4474 

which  might  also  have  been  obtained  from  the  equation  : 

a«=— I  r.,  since  K,q  is  abouto'ii  foot. 

Thus,  the  correct  adjustment  requires  an  overhang,  and,  as  a  general 

principle,  it  is  impossible  to  make  Of.^—,  without  an  overhang,  if  once  a^ 

becomes  greater  than  -•,  and  the  divergence  once  started  increases  as  the 
depth  below  the  top  of  the  dam  increases. 

Thus,  in  large  dams,  either  the  slight  overhang  indicated  'as  occnrring  at 
the  second  section  must  be  put  in,  or  a  certain  small  excess  in  the  dam  section 
must  be  allowed  to  occur  throughout. 

The  example  (which  is  taken  from  a  carefully  worked  design)  shows  the 
trend  of  affairs.  At  4S  '«*  the  divergence,  (J,—;,  is  002  feel,  increasing  to 
o'04  feet  at  50  feet,  and  to  o'o6  feet  at  55  feet.  So  that  /.,  is  .increased  by 
o-o6,  012,  and  o-i8  feet  at  these  depths. 

The  increase  in  bulk  of  the  masonry  thus  produced  is  not  very  great,  and  it 
is  doubtful  whether  it  is  really  required.     In  fact,  the  real  justification  for 
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maUng-  /mi~33*45i  which  was  the  va.lue  actually  adopted,  was  that^,  is  thus 
increased  to  0*55  unit,  or  35  lbs.  compression  per  square  foot  which  afToids  a 
safeguard  against  cracks  (see  p.  3S7). 

For  this  reason,  parabolic  topped  dams  mast  be  considered  as  leading  to  a 
bener  design  when  practical  conditions  permit  their  construction. 

High  Dams. — When  checked  by  the  exact  method  this  preliminary  process 
suffices  for  a  design  of  a  dam,  so  long  as  the  height  does  not  exceed  a  certain 
quantity.    We  have  very  approximately  : 

?=A= -^  =pjr,— since  A,  is  not  far  off-— . 

Hence,  the  ma»mum  vertical  pressure  is  about  3'25xthe  hydrostatic 
pressure ;  and,  as  later  indicated,  the  maximum  pressure  according  to  the 

theory  of  elasticity  is  jirscc'  d,  and  tan  S=-  =  -pj  approximately.    So  that 

the  maximum  pressure  is  close  to  : 

P-f('  +  J)=2'2S  X  r4*r=3-2J*  units, 

or,  ^>yt  lbs.  per  square  foot,  where  .r,  is  in  feet,  and  q,  the  vertical  pressure  is 
i^or  lbs.  pet  square  foot,  approximately. 

The  limits  aie  usually  specified  in  terms  of  the  vertical  pressure. 

For  example,  Rankine  gives,  7=15,625  lbs.  pet  square  foot,  or  j:=iii  feet, 
on  the  downstream  face,  and  j*,=2o,ooo  lbs.  per  square  foot,  or  x=  143  feet,  on 
the  upstream  face. 

Since  the  upstream  face  is  nearly  vertical,  we  see  that  Rankine's  rules 
secure  that  the  maximum  pressure  does  not  exceed  22,500  lbs.  pier  square  fool 
appnudmately. 

Other  rules  for  vertical  pressure  are  those  of : 

Delocre  .        .  .        .     i2,3oolbs.persquarefeet,or  j^—  88  feet  approx. 

Furens  Dam  .  .(1860)13,280  „  „        t=  95  feet  approx. 

Femay  Dam  .  .(1873)14,330  „  „        .ir=to2  feet  approx. 

Ban  Dam       .  .(1870)16,360  „  „        j:=ii5  feet  approx. 

Even  if  we  allow  for  an  increase  of  44  per  cent,  these  are  all  well  below  the 
permissible  working  stresses  of  first  class  masonry  in  compression. 

The  real  detemuning  factor  is  not  resistance  to  pressure,  but  resistance  to 
shear.  The  ordinary  theory  gives  the  maximum  intensity  of  shear  as  inclined 
at  45  degrees  to  the  maximum  intensity  of  pressure,  and  one  half  that  maximum. 
That  is  to  say,  the  maximum  shear  is  equal  to  ioi'54:  lbs.  per  square  foot 

approximately,  and  accurately  to  :    HI+  tan'  S). 

This  last  formula  agrees  very  fairly  well  with  the  experiments  of  Wilson  and 
Gore  {P.I.C.E.,  vol.  171,  p.  128),  except  that  they  state  thai  tfsan^le  between 
the  resultant  of  the  forces  V  and  H,  and  the  vertical.  The  difference  may  be 
of  importance  in  the  upper  portions  of  the  dam,  but  where  the  condition  of 
limiting  pressure  is  (he  determining  factor  of  the  design,  the  resultant  and  the 
downstreaip  face  of  the  dam  face  are  practically  parallel,  so  that  theory  and 
experiment  agree. 

Now,  according  to  Bauschinger,  the  shearing  strength  of  stone  is  about  ^^ih 
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Lbs.  per 
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Alicante     . 

23,080 

Feinay 

21,500 

Ban 

38,600 

Furens 

24,600 

Echapre     . 

23,000 

Komotau    . 

24,500, 
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oi  its  compressive  strength,  and  for  cement  mortar  the  ratio  is  about  ^th.  Tbe 
actual  figures  are  ; 

Concrete  (i  Portland  cement,  3  sand,  3  gravel)  weH  rammed,  shearing 
strength  70,700  lbs.  per  square  foot. 

Granite,  shearing  strength  92,350  lbs.  per  square  foot. 

Old  Masonry,  shearing  strength  94,000  lbs.  per  square  foot. 

Allowing  for  the  fact  that  the  shear  is  about  071  ci  the  vertical  pressure,  the 
above  figures  do  not  provide  much  over  7,  to  9,  as  factors  of^safety. 

The  highest  stresses  actually  existing  in  a  dam  appear  to  be  those  in  the 
old  Almanza  Dam,  with  a  vertical,  a^d  likewise  maximum  pressure  of  28,660  lbs. 
per  square  foot 

The  following  are  examples  of  maximum  pressures  actoally  existing  (not 
vertical) : 


All  calculated  by  scaling  the 
sections  in  order  to  obtain  0, 
and  therefore  liable  to  some 
degree  of  error. 

We  may  therefore  consider  that  a  maximum  pressure  of  25,000  lbs.  per 
square  foot  can  hardly  be  exceeded,  and  thai  the  factor  of  safety  against  shear 
is  then  about  6  to  8. 

As  a  contirmaiion,  it  may  be  noted  that  the  well  designed  Habra  Dam 
(see  Wegmann,  Design  and  Construction  of  Dams)  failed  under  a  maximum 
pressure  only  slightly  in  excess  of  26,600  lbs.  per  square  foot,  although  Bouvier 
states  that  29,460  lbs.  per  square  foot  maximum  pressure  is  safe  for  hydraulic 
lime  concrete,  when  not  also  exposed  to  shearing  stresses. 

In  actual  work  the  rules  given  by  Rankine  or  Wegm^n  far  vertical 
pressures  may  be  followed,  the  Latter  gives  : 

16,380  lbs.  ^r  square  foot  on  downsteam  face,    .r  =  1 1 5  feet 
20^408  lbs.  per  square  foot  on  upstream  face.    ;r  =  146  feet. 

The  value,  maximum  pressure  =  39,700  lbs.  per  square  foot,  occurs  in  the 
proposed  Quaker  Bridge  Dam  (see  Wegmann,  ut  supra,  Plate  77),  and  if  all 
earth  pressures  are  neglected,  35,000  lbs.  per  square  foot  in  the  dam  as 
constructed. 

The  assumptions  made  are  unfavourable,  so  that  such  a  stress  is  probably 
not  actually  sustained, 

Ver}-  High  Dams. — In  dams  where  the  above  pressures  are  reached,  the 
intensity  of  pressures  becomes  the  limiting  factor  in.  the  lower  portions. 

The  design  of  the  lower  portions  of  such  dams  is  in  an  unsatisfactory  state, 
and  most  ejigineers  would  wish  to  ha\'e  some  further  experimental  evidence, 
such  as  the  processes  of  Messrs.  Wilson  and  Gore  have  given  for  the  ordinary 
low  dam,  before  erection'. 

The  best  method  appears  to  be  as  follows  : 

Put  q^  as  the  limiting  vertical  pressure,  either  assumed  ti 
when  Rankine's  or  Wcgmann's  rules  are  followed,  or  calculated  from ; 
fc  —  (Maximum  permissible  pressure)  cob*  6 
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where  fl  is  tb«  angle  which  the  downstieam  face  makes  with  the  vertical  a 
measured  from  the  design  of  the  upper  portion. 


Tber^fora,  X  =  |''^- 

Integrating,  and  remembering  that  when  x  =  Xi,  the  area  is  Ai,  where  x,  is 
the  depth  where  q  first  exceeds  q^. 

Therefore,        A  =  Aif  " 

and,  t~—=  Aj^< 

and  the  profile  of  the  dam  can  be  set  out  from  the  Ic^arithmic  curve. 

The  profile  should  be  checked  at  each  step  <say  A  =  S  feet)  and  <i,  made 
e<|«al  to  ~  by  first  adjusting  the  water  face  batter  Vm,  by  tbc  equation  : 

3A^,-6M,         _3A,^i(/',-3a.-i)-A^-,' 

'^■°6A^,+^3j^i+C,)      ■  6AH-,+A(2ft,_,+/„)    • 


It  is  also  evident  that  if  the  vahie  of  #  has  markedly  changed  at  any  step, 
it  will  be  advisable  to  calculate  a  new  value  of  fg,  and  to  use  this  ta  determine 
ihe  succeeding  thickness. 

The  work  is  laborious,  and  needs  constant  checking.  The  process  can  be 
continued  until^  exceeds  its  limiting  vaJue. 

No  approximate  equation  can  now  be  ^ven,  and  we  must  proceed  in  the 
manner  indicated  by  Wegmann  (Kf  atprii). 

Measure  the  angles  of  inclination  of  both  faces,  and  thence  dctenoine  the 
permissible  vertical  pressures^sandfo. 

The  approximate  length  of  the  next  section  is  given  by ; 

'••F^--*)-4a^.+'-?^)".- 

and  the  batter  by : 

A^,(4/,  -  6a,-,)  +  t^-Mt^-i^^  +  '-'(*  -'^) 

These  equations  are  cumbrous,  and  the  face  slopes  vary  rapidly,  so  that 
?o,  and/ot  must  be  calcolated  afresh  at  each  step. 

I  am  not  aware  that  these  equations  have  ever  been  applied  in  practice, 
and  as  the  result  of  actual  experiment  I  am  inclined  to  believe  that  a  return  to 
first  principles  and  trial  and  error  is  probably  more  rapid.  The  e<jjations, 
nevertheless,  form  a  very  valuable  check. 

FuRTHBR  Theory  of  Hasonrv  Dams.— "Hic  preceding  methods  permit 
a  dam  to  be  designed,  which  is  safe  against  failure  by  vertical  stresses  acting 
across  borizotR^  3ecti<H)S,  (either  tensile,  or  of  undue  magnitude  if  compres- 
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sive).    A  little  consideration,  however,  will  show  that  failure  can'  conceivably 

(a)  By  the  dam  shearing  off  horizontally. 
(i)  By  horiiontal  stresses  acting  across  vertical  sections. 
{c)  By  shear  along  vertical  sections. 
The  following  discussion  is  mainly  concerned  with  case  (b),  hut  formu1<c 
which  permit  cases  {a)  and  (f)  to  be  investigated  are  developed.    These  two 
cases,  are  not  considered  in  detail,  as  experimental  evidence  exists  which  shows 
that  the  really  weak  points  of  a  dam  are  not  accurately  indicated  by  any  theory 
at  present  existing,  although,  fortunately,  a  dam  designed  according  to  the 
present  theories  requires  very  little  modification  in  order  to  make  it  safe 
against  failure  in  the  manner  indicated  by  the  experiments. 

Atciierlkv's  T///;o/i v.— Vntil  1904  the  theory  of  masonry  dams  was 
considered  to  be  in  a  very  satisfactory  state,  and  the  relation  between  practice 
and  theory  was  far  closer  than  is  usually  the  case  in  engineering. 

The  conditions  laid  down  concerned  horizontal  sections  of  the  dam  only, 
and  were  as  follows  : 

(i)'The  resultant  of  the  water  pressure  on  the  dam  above  each  horiiont^ 
section,  and  of  the  downward  forces  due  to  the  weight  of  the  dam 
above  this  section,  should  cut  this  section  inside.its  middle  third, 
thus  securing  that  no  vertical  tension  existed  in  the  masonry, 
(ii)  This  resultant  should,  at  each  section,  make  an  angle  not  exceeding 
35  degrees  with  the  vertical,  thus  securing  that  the  dam  has  no  ten- 
dency to  $li4e  as  a  whole  against  thefriction  between hpriiontal  layers, 
(iii)  The  maximum  pressure  per  square  foot  should  not  exceed  atxnit 
one-tenth  of  the  crushing  stress  of  the  masonry  employed. 
Whet*  the  water-face  of  Ehe  dam  was  inclined,  it  was  usual  to  neglect  the 
vertical  component  of  the  water  pressure  thus  brought  into  {day.     In  condition 
(iii)  engineers    generally  considered    only  the    maximum    vertical   pressure, 
ignoring  the  fact  that  the  laws  of  elasticity  rendered'  it  perfectly  clear  that 
close  to  either  face  the  maximum  pressure  is  parallel  to  this  fecc,  and  is  equal 
to  the  vertical  pressure  multiplied  by  sec'tf,  where  6  is  the  inclination  of  die 
face  to  the  vertical. 

The  matter  does  not  seem  of  much  importance.  Those  engineers  who 
considered  the  point  usually  employed  a  higher  worldog  stress,  and  it  was 
only  in  the  case  of  very  high  dams  that  the  condition  became  worth 
consideration. 

In  1904  Messrs.  Pearson  and  Atcherl^y'rB^opened.the  whole  question,  and 
showed  that,  under  the  assumption  that  the  theory  leading  to  condition  (i)  was 
rigidly  true,  the  vertical  sections  on  the  downstream  side  of  dams  designed 
according  to  these  rules  were  under  horiiontal  tension  (Sonte  Ditreg^rded Prnnis 
in  the  Stadilily  0/  Masonry  Dams). 

Theic  paper  is  somewhat  mathematical  in  form,  and  the  foUowing  iteum^  is 
given  on  my  own  responsibility,  but  I  believe  Uiat  it  is  correct  as;W>  bets, 
although  the  objection  may  be  raised  that  it  is  an  incomplete  presentation  OT 
the  investigations  of  these  gentlemen. 

Let  us  first  consider  a  diun  designed  to  satisfy  condition  (i),  t^t  us  assume, 
for  the  sake  of  simplicity,  that  the  water  face  is  vertical.  Then,  any  [»ccc  of 
the  dam  above  a  horizontal  section  is  subject  to  the  Rowing  ap^^ied  forces : 
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Water  prcuure  on  the  face  AB,  lepresented  by  th«  triangular  stress  diagram 

The  weight  of  the  piece  of  the  dam  is  represented  in  the  same  manner  by 
the  section  ABCD.  It  will  be  noticed  that  if  the  actual  dam  sectioo  is  taken  as 
the  stress  diagram,  the  line  *B  is  — ,  where  p  is  the  specific  gravity  of  the 
masonry  (Sketch  No.  105). 

These  are  equilibrated  by  : 

(a)  The  veitical  upward  pressures  on  the  base  BC,  which,  according  to  the 
usual  theory,  are  always  positive,  when  condition  (i)  is  satisfied,  and  when  the 
resultant  of  the  first  two  forces  just  lies  within  the  middle  third,  are  represented 
by  the  triangle  B^,  the  area  of  which  is  equal  to  that  of  the  dam  sectitRi  ADCB, 
and  in  the  general  case  by  a  trapezoidal  diagram  of  the  same  area. 

{b)  There  is  also  a  set  of  horizontal  forces  leimed  shears,  with  a  resultant 
equivalent  in  magnitude  to  the  water  pressure.  As  indicated  by  the  usual 
theories  of  elasticity,  if  the  vertical  pressures  are  distributed  according  to  a 
triangular  {or  trapezoidal)  streas  diagram  BfC,  these  shears  must  be  distributed 
according  to  the  parabolic  di^r^am  B/'C,  where  the  area  B/'C  is  equal  to  the 
area  of  the  triangle  AJB,  representing  the  water  pressure. 

It  must  be  noted  that  this  theory  is  known  to  be  only  approximate,  and, 
unce  sheaia  and  pressures  bear  a  differential  relation  to  each  other,  it  is  quite 
possible  to  draw  a  curve  of  pressures  which  will  generally  have  the  same  look 
and  aspect  as  a  triangular  one,  but  which  (having  a  different  slope  at  each  point) 
will  prodvce  a  very  different  set  of  shears.  Thus,  an  experimental  proof  that 
the  measured  pressiues  do  not  materially  depart  from  those  given  by  theory, 
is  no  assurance  that  the  shears  may  not  greatly  depart  from  the  theoretical 
value.  It  must  also  be  noted  that  in  every  proof  of  the  pressure  law  that  has  been 
attempted,  points  in  the  sectiim  close  to  either  face  are  carcfiilly  excluded  from 
the  theoretical  proof,  so  that  we  have  no  mathematical  evidence  that  the  shears 
follow  a  parabolic  law  near  the  faces  of  the  dam.  In  fact,  I  believe  that  I  am 
justified  in  saying  that  the  theoretical  proofs  existing  are,  if  anything,  adverse 
to  such  an  assumption,  even  Pearson's  attempt  {Exptrimental  Study  of  the 
Strettes  in  Maiortry  Dams)  being  inconclusive  when  carefiiliy  investigated. 

Let  us  now  consider  die  equilibrium  of  a  portion  of  the  dam  cut  ofiF  by  a 
vertical  section,  say  EFC,  where,  for  simplicity,  (and  as  is  almost  invariably  the 
case  in  critical  sections)  EC,  is  a  straight  line. 

The  stress  diagrams  of  the  applied  forces  are  as  sketched  (see  Sketch  No. 
105),  and  coBsst  of: 

The  triangular  weight  diagram  EFC. 
The  trapezoidal  pressure  diagram  TfcC. 
The  parabolic  shear  diagram  FC/". 

Let  us  now  cnnbine  the  first  two,  and  for  the  sake  of  clearness,  twist  the 
whole  round  90  degress.  We  then  get  a  quasi  dam,  subjected  to  a  quasi  pres- 
sure on  the  face  CF,  represented  by  C^yF,  where  any  line  K4=KA— KA',  and 
and  to  a  quasi  weight  force  represented  by  a  parabolic  shear  diagram  C^F,  and 
these  are  equilibrated  by  pressures  and  shears  on  £F,  of  the  same  nature  as 
those  on  BC,  in  the  original  section.  Messrs.  Pearson  and  Atcheiley  show  that 
die  resultant  of  the  £F  face  forces  falls  outside  the  middle  third,  and  that 
dierefore,  if  we  calt^ulate  the  pressures  on  the  vertical  face  EF,  according  to  the 
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theory  employed  when  coosideriug  the  horiznntal  sections,  the  face  EF,  is 
frequently  exposed  to  horizontal  tension  near  F. 

In  Atcherley's  exampte,  this  tension  is  Urge,  and  very  few  existing  dams 
(irtheyhave  been  designed  according  to  the  old  horizontal. section  tfaeory)ue 
found  to  be  entirely  free  from  tension  when  the  stresses  on  vertical  sections  are 
investigated  in  this  manner.  The  few  exceptions  occut  when  the  dam  itself 
forms  a  spillway,  and  is  consequently  far  ihidcer  than  conditions  of  eqailibrinm 
alone  require. 

So  far,  I  believe  that  I  am  in  exact  agrnement  with  Messrs.  Pearsim  and 
Atcherley,  although  my  methods  differ  materially.  While  they  express  tbeir 
doubts  as  to  the  absolute  accuracy  of  the  parabolic  law  for  shears,  it  would 
appear  that  in  many  dams  (although  not  all  that  I  have  invettigated),  cbe 
assumption  of  a  uniform  shear  over  the  horizontal  section  (which  is  a  far  man 
favourable  case  than  any  that  theory  suggests  to  be  likely  to  occur)  still  leads  to 
boriiomal  tensions  over  vertical  sections.  In  fact,  were  not  their  results  con- 
tradicted by  careful  experiment,  I  should  be  very  diffident  in  making  anyciitidHis. 

I  venture  to  put  forward  the  following  : — Firstly,  the  law  of  the  distribwitci 
of  the  weight  forces  as  represented  by  ABCD,  not  only  as  a  sum,  but  as  in- 
dividual forces,  is  very  doubtfiil.  This  may  materially  alter  the  quasi  prestun 
diagram  QcgY  ;  and,  similariy,  while  the  shears  represented  by  C/T,  bave  been 
regarded  as  playing  the  role  of  the  weight  of  the  masoiuy,  their  potnts  of 
application  are  not  in  the  centre  of  each  small  seaion  KA'  (as  would  be  dK 
case  with  weights),  but  at  the  face  K. 

This,  of  course,  has  been  allowed  for  in  Messrs.  Pearson  and  Atcberley^ 
invettigations,  but  it  is  quite  evident  that  the  conditions  necessary  to  came  the 
ordinary  theory  to  be  approximately  correct  for  centrally  applied  weight  forces, 
may  be  quite  inadequate  to  make  the  theory  hold  good  for  these  face  forces.  In 
fact,  I  believe  that  actual  dams  are  sufficiently  rigid  to  cause  the  usual  theory 
to  hold  good,  but  are  saved  from  the  stresses  indicated  by  this  very  same  theory 
{as  applied  by  Messrs.  Pearson  and  Atcherley)  through  insnflicient  rigidity. 

I  would  point  out  that  Mr.  Deacon  (with  the  instinct  of  an  engineer]  faad, 
long  before  the  publication  of  this  theory,  advocated  hydraulic  mortar  for  dams, 
in  place  of  cement,  on  the  ground  of  less  ri^dity. 

The  theory  of  Messrs.  Pearson  and  Atcheriey  <Ud  not  pass  uncfaaUengMl. 
Many  engineers  relied  upon  the  fact  that  of  all  the  danu  (now  antountiDg  to 
several  himdred  in  number)  designed  according  to  the  old  theory,  not  one  bad 
failed  or  even  shown  signs  of  failure,  in  the  manner  indicated. 

I  consider  that  the  question  has  been  settled,  from  a  practical  point  <A  new, 
by  the  labours  of  Messrs.  Wilson  and  Gore,  and  that  their  results  are  in  a  large 
measure  confirmed  by  the  less  accurate,  but  more  easily  copied  work  of  Messrs. 
Otley  and  Brightmore.  My  one  stricture  on  the  work  of  these  gentlemen  is 
perhaps  hypercritical.  They  were  forced  to  work  with  markedly  non-rigid 
materials  in  order  to  get  measurable  deformations  from  which  the  stresses 
could  be  deduced. 

A  very  full  description  and  discussion  of  these  experiments  is  given  in 
vol.  172  ai  PJ.C.E.,  and  should  be  read  by  everyone  interested  in  the  matter. 

The  experimental  results  show  that  the  ordinary  theory  gives  a  very  bit 
general  idea  of  Che  stresses  in  a  dam,  at  points  (ar  removed  from  the  fonndaiians, 
or  faces,  and  that  the  stresses  calculated  by  this  theory  are  not  likely  to  be 
exceeded  in  any  portion  of  the  dam. 
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In  ftct,  the  old  theory  is  shoini  to  be  a  good  working  guide,  biit  it  is  useless 
to  refine  it  more  than  engineers  have  been  accustomed  to. 

Several  interesting  points  appear  in  detail,  and  1  believe  that  the  following 
deductions  are  worthy  oT  carefbl  consideration  in  future  design. 

There  appears  to  be  a  possibitity  of  hoiiionia)  tensions  existing  near  the 


Biaj^m  affimXs  xJtng  CBSiefa(x£F.o(C.E.F. 


Sketch  No.  105.— Diagram  showing  Forces  acting  oo  a  Vertical  Section  of  a  Dam. 


Fig.  I  riwin  the  ordmsn>  faioet  aetine:  <n 

town  by  the  panbolft  Qk'f^,  act  aloDS  tt 

F^.  3  ibows  the  portion  of  these  a.K.i 


a  dam,  and  except  ta  the  &ct  that  the  ihean 
i,  act  aloDS  the  Line  CB,  needa  no  explanation. 
._.  .    .  of  these  shears  ^F,  which  act  on  the  ba»e  of  the  pwtion 

CEF,  acting  as  quasi  weight  forces  alotig  the  line  CP,  while  the  pressure  forces  obtained 
by  the  <ndlDaiy  theoiv  act  aa  qnasi  "  waler "  pressaies,  and  are  diminisliEd  by  the  forces 
pcodeced  liy  the  wei^t  of  the  portion  CFF,  A  the  dam. 

Thus,  the  elemcntaiy  forces  acting  at,  uy  K,  aie  quasi  wei^t  forces,  represented  by 
iU' =  shaftr  acting  at  K, 
and  quu  pre  Mine  foroi^  r^wesented  by 

IU=Ki-U  =  IU-KA',  i.«.  hMeprcMnreal  K,  le>  weight  of  dam  abore  K. 
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water  face  loe  of  the  dam  ;  oot  so  much  iq  tt)c  dam  itself,  as  in  the  fc 
vertically  below  the  toe.  This  suggests  the  advisability  of  making  the  water 
face  vertical,  or  slightly  sloping  outwards,  and  any  overhang  is  quite  unper- 
missible,  even  though  this  rule  may  cause  the  line  of  presGure  (when  the 
jreservoir  is  empty)  to  pass  slightly  outside  the  middle  third. 

The  coDstructioQ  of  the  corner  formed  by  the  water  face  of  the  dam  and  the 
foundations  needs  careful  thought.  The  masonry,  or  concrete,  near  Co  this 
point  should  be  composed  of  as  lac^e  blocks  of  stone  as  possible,  and  if  the 
upstt«am  face  of  the  dam  is  curved,  the  faces  of  the  blocks  should  be  shaped 


Ifxt 


Sketch  No.  ioG. — Modificalions  of  Ihe  Theorelical  Section  ofa  Dam  suggested 
by  Atcheiley  and  Wilson  and  Gore's  Investigations. 

to  the  correct  curve,  so  as  to  avoid  joints.  A  layer  of  asphalt,  puddle,  or 
other  elastic  impermeable  material  ishould  be  placed  over  the  corns',  so  as 
to  prevent  percolation  of  ^^ter  into  the  crack. 

The  experiments  indicate  that  the  crack  will  probably  extend  in  a  verticsl 
direction  into  the  foundation,  rather  than  into  the  dam.  The  results  obtaioed 
when  investigating  the  stresses  produced  by  fitsurei  in  the  dam  show  that  a 
vertical  crack  is  less  dangerous  than  a  horiiontal  one. 

Both  Atcherley's  theory,  and  the  results  of  the  experiments,  indicate  that 
the  Tock  just  beneath  the  base  of  the  dam  is  more  severely  stressed  than  tb« 
dam.  itself.    Thus,  all  available  information-  is  decidedly  adverse  to  duns 
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founded  on  any  but  the  best  and  strongCBt  rock.  Such  designs  as  masonry 
dams  founded  on  piles  driven  into  a  clay  stratum  have  failed  too  frequently 
10  be  good  practice,  quite  apart  from  any  experimental  results. 

The  borixontal  shears  found  by  the  expierimenters  appear  to  be  distributed 
according  to  an  irregular  law,  and  the  maximum  shear  occars  near  the  (lown 
stream  face ;  so  that  the  distribution  is  not  even  approximately  parabolic  or 
uniform.  But,  as  the  tension  found  by  Atcherley  does  not  manifest  itself  until 
long  after  failure  by  tension  at  the  water  face  toe  has  occurred)  the  matter  is  of 
academic  rather  than  practical  interest, 

The  water  face  toe  tension  appears  to  be  the  cause  determining  the  failure 
<A  model  dams,  and'  its  magnitude  is  by  no  means  inappreciable,  toeing,  in 
models,  about  \\  times  (r>.  3-9  tons  per  square  foot  for  125  feel  depth  of 
water)  the  hydrostatic  pressure  when  the  toe  joins  the  ^undation  in  a  sharp 
angle,  and  about  1th  of  this  value  if  the  junction  is  a  curve  of  about  15  feet 
radius  in  the  fiill  size  dam. 

It  would  therefore  appear  that  the  form  of  junction  of  the  water  face  and 
the  foundation  should  be  a  curve  of  large  radius,  and  that  the  construction 
about  this  point  should  be  of  the  very  best  quality.  Subject  to  this  condition 
the  following  are  safe  rules  for  dam  design : 

(«)  Adhere  rigidly  to  the  middle  third  law  for  the  condition  of  reservoir  full. 
(i)  The  middle  third  law  is  of  less  importance  when  the  reservoir  is  empty, 
and  any  overhang  of  the  upstream  face  is  unadvisable.  A  coating  of  imper- 
meable material  should  be  put  over  the  water  face  junction  of  the  dam  and 
its  foundatitm  ;  and  a  system  of  drains  should  be  formed  in  the  dam  itseK  to 
cany  off  the  water  that  may  percolate  through  a  possible  crack. 

{c)  The  stability  of  each  section  should  be  investigated  with  respect  to 
condition  (ii),  i>.  for  resistance  against  sliding. 

{/t)  The  maximiun  vertical  pressures  given  by  the  trapezoidal  law  should  be 
multiplied  by  sec'tf  where  *  is  the  angle  of  inclination  of  the  face  of  the  dam, 
and  the  values  thus  obtained  should  show  a  factor  of  safety  of  at  least  10,  with 
regard  to  the  crashing  strength  of  the  rock.  The  values  adopted  in  practice 
are  given  on  page  n\. 

Xi)  The  vertical  sections  near  the  downstream  tail  of  the  dam  should  be 
investigated  to  ascertain  the  mean  values  of  the  shearing  stresses  produced  by 
the  resultant  of  the  upward  pressures  found  in  (lO,  and  the  weight  Of  the 
masonry  cut  off  by  the  vertical  section.  This  will  usually  produce  a  thickening 
of  the  tail  of  the  ^un  of  the  character  investigated  on  page  382,  fatit  if  the  dam 
is  partly  buried  in  earth,  the  original  design  may  amply  suffice. 

I  consider  that  such  a  dam  (when  founded  on  a  good  rock  foundation)  will 
be  as  safe  a  structure  as  an^  that  are  made. 

As  regards  practical  details,  I  believe  that  the  real  result  of  the  controversy 
started  by  Messrs.  Pearson  and  Atcherley  is^tfaat  a  dam  in  hydraulic  hme  mortar 
is  likely  to  possess  certain  advantages  over  oqc  constructed  with  cement. 

It  is  also  clear  that  the  Cyclopean  method  of  construction  in  blocks  of  stone 
as  large  as  can  be  handled,  and  set  in  good  mortar,  has  many  advantages  over 
smaller  stones  or  cut  masonry.  It  appears  quite  unnecessary  to  spend  any  extra 
money  on  specially  cut  stones  or  thinner  joints  for  the  face  work.  Such  outward 
show  is  liable  to  induce  unknown  stresses,  is  costly,  and  (I  consider)  even  astheti- 
cally,  is  an  error.    A  good  dam  is  independent  of  any  outside  prettiness. 
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I  would  Eklso  note  (although  personally  adverse  to  the  principle)  that  booding 
between  the  dam  and  its  foundation,  by  iron  rails,  has  been  employed.  It  has 
also  been  proposed  to  keep  the  dam  face  unwetted  by  water,  by  means  of  a 
series  of  slabs  of  reinforced  concrete  supported  from  the  dam,  leaving  a  vacant 
space  between  the  dam  and  the  slabs,  so  that  they  and  the  dam  fa/x  may  be 
inspected. 

The  question  of  the  general  determination  of  the  stresses  across  the  vertical 
sections  of  a  dam  is  best  investigated  algebraically. 

Consider  OA,  a  horizontal  section,  of  length  /,  at  a  depth  d,  below  the  top  of 
the  dam. 

Take  the  horizontal  and  vertical  lines  througli  the  ifownstream  end  of  this 
secticm  as  axes  of  co-ordinates.  -  - 

Let  y=mx-\-i:  be  the  equation  of  the  line  RC,  the  downstream  flank  of  the 
dam.    As  a  rule  c—o,  but  it  will  be  found  that  the  results  obtained  indicate  thai 

e  should  be  about  ~  ix  that  the  "  tail  of  the  dam  "  should  be  thickened. 

OamChannfiXimitshMdsarybuimect 

FounOatian  Dam  mtti  Or^iu^  Twmel  in  0am  , — —^^ 


Sketch  No.  107. — Cyclopean  Masoniy  and  Dniini^e  of  a  Dam  (aftei  Deaocm). 

Using  the  notation  for  forces  and  pressures  employed  when  investigating  the 
stresses  on  horizontal  sections  of  the  dam,  we  find  that : 

The  horizontal  shear  at  any  point  P,  in  OA,  where  OP  =x,  is  given  by  the 
equation ; 


^6H  tx-x* 
H 


if  the  distribution  of  the  shear  is  parabolic 


(Note,  81  =  -  if  the  distribution  is  uniform.) 

Thus,  the  resultant  of  the  shears  or  quasi  weight  filTces  acting   on  the 
length  OE,  where  OE=a,  is  : 

W  =f^  S.^  -  ^  (3/-  aa) 

So  also,  the  vertical  pressure  at  P,  is  given  by  the  equation,  r=q~{q^p)  — 

The  weight  of  the  dam  above  P,  partially  counteracts  this  force,  and  the 
nett  vertical  force  acting  at  P,  is : 
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The  reSDlunt  of  these  quasi  pressure  forces  acdng  on  the  length  OE  is : 

(?-p*>-  (^~^+«p)  ^  =  K  say. 
Thb  acts  at  F,  where  OF  =x  and  ; 

'~  K 

,    .■{3(?-,.rt-.(«'+,.-.)} 


The  resultant  of  K,  and  W,  is  therefore  a  force  acting  along  the  line  FG, 
and  cuts  the  vertical  section  ED,  at  G,  and 


EG.j..(»-*)^. 


{3(i-y)-»(2^+M,)}<- 


T, 

w 

^  1 

1 

1. 

— a/— 

1 

■ 

-'H 

i 

Skktch  No-roS.— lnvtEl%>tion  of  Atcherley**  Theory. 

The  modifications  necessary  when  the  flank  of  the  dam  is  curved,  so  that  j' is 
not  equal  to  mx-^c,  are  obvious. 

The  horiiontal  pressures  and  vertical  shears  acting  at  any  point  in  the 
vertical  section  ED,  can  now  be  written  down.     It  is  unnecessary  to  go  through 
the  work.     In  a  dam  designed  according  to  the  usual  rules,  if.  where  horizontal 
sections  are  alone  considered,  c=o,  and  with  very  close  approximation  ; 
q=pil  /=o 

t    ^  r  ■ 


Substitiiting  these  values  we  get : 
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Thus,  all  vertical  sections  between  the  tail  and  the  point  o»  — =,  are  exposed 

to  horizontal  tensions  at  and  close  to  their  lower  edge. 

If  the  circumstances  of  an  actual  dam,  where  q,  is  slightly  less  than  pd,  where 

p,  is  a  little  greater  than  o,  and  /,  is  a  little  less  than  —t=,  be  investigated,  it 

Vp 

will  be  found  that  the  locns  of  G,  is  no  longer  a  straight  line,  but  a  very  flat 
hyperbola  scarcely  lUsttnguishable  from  a  straight  line. 

Since  the  theory  employed  is  known  to  be  somewhat  inaccoiate,  the  actnal 
calculations  need  not  be  performed.    The  general  results  are  unaltered. 

The  case  when  c,  is  not  equal  to  nothing  can  be  similarly  treated,  and  wc 
then  obtain  the  following : 


■'^-fy 


Putting  It— ot  we  find  thati 
-     d  I 


Sketch  No.  lo6  shows  a  dam  designed  on  these  lines.  It  will  be  obnwu 
tnat  m,  b  now  somewhat  less  than  Vf),  and  that  if  t=  —=,  the  section  will  requiK 

fiuther  modification  in  order  to  fulfil  the  conditions  obtained  by  connderiiig 
horizontal  sections. 

The  final  results  of  investigations  conducted  on  these  lines  indicate  thai  a 
dam  could  be  made  "  safe  "  (when  Atcherley's  theory  is  taken  as  correct)  by  a 
tall  thickening  amounting  to  approximately  15  or  3o  per  cent,  of  the  volume  of 
the  dam.  Most  dams  are  thickened  at  the  tail ;  but,  as  a  rule,  not  suffidentl^ 
to  confinn  to  Atcherley's  theory. 

The  above  investigation  therefore  leads  to  the  following  conduuonst 

Atcherley's  theory  is  probably  erroneous,  otherwise  dams  which  are  known  10 
be  satisfactory  would  fail.  On  the  other  hand,  some  thickening  near  the  tail  is 
desirable,  and  a  shearing  area  sufficient  to  support  the  stress  K,  should  be 
provided  (see  p.  371  for  Shearing  Stresses). 

It  will  also  be  plain  that  the  distribution  of  shears  near  the  downstream  &ct 
of  the  dam  is  of  importance,  and  that  the  place  where  the  tensions  are  indicated 
is  doubtless  in  the  dam,  hut  close  to  its  foundation.  The  circumstances  ait 
consequently  hardly  analogous  to  those  in  which  tensions  exist  in  a  dam  at  an 
>un  supported  face. 

The  whole  evidence  indicates  that  tensions  may  exist,  but  their  existence 
depends  on  a  theory  which  is  approximate,  and  large  tensile  stresses  only  occur 
just  where  this  theory  is  well  known  to  be  doubtful ;  and,  in  fact,  may  almost  bt 
said  not  to  hold. 

The  tensions  revealed  by  this  somewhat  doubtful  theory  exist  at  points 
where  the  dam  is  well  supported  by  the  solid  rock  of  its  foundations. 

1  therefore  consider  that  the  question  is  one  in  which  theory  alone  has  no 
real  weight,  and  believe  that  the  evidence  afforded  both  by  the  experiments  ol 
Messrs.  Wilson  and  Gore,  combined  with  the  satisfactory  results  of  general 
-engineering  practice,  are  quite  conclusive  proof  against  the  theory. 

I  think  that  engineers  must  be  grateful  to  Mr.  Atcherley  for  raising  ibe 
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questioD,  as  the"  result  .has  been  to  disclose  the  unsuspected  weakness  existing 
at  the  water  f&ce  toe  of  a.  dam.  It  will  be  quite  evident  that  the  foundatiotts  of 
a  masonry  dam  must  be  solid  rock,  and  that  any  fissures  ruwiitig'  parallel  to 
the  length  of  the  dam  (especially  near  either  toe)  must  be  carefully  examined,' 
and,  unless  capable  of  being  properly  filled,  may  necessitate  the  site  of  die  dam 
being  shifted. 

So  far  we  have  implicitly  assumed  that  the  only  horiiontal  pressures  acting 
00  the  dam  are  those  produced  by  the  water.  Rock  of  a  quality  suitable  for 
the  foundation  of  a  masonry  dam  very  rarely  occurs  at  the  natural  surface  of  the 
ground.  Thus,  the  lower  portions  of  nearly  at)  existing  dams  are  buried  in 
eaitb.  The  earth,  in  view  of  its  situation  under  water,  or  at  the  best  in  a  very 
moist  state,  may  be  regarded  as  equivalent  to  a  fluid  weighing  about  120  lbs. 
to  the  cube  foot  When  the  pressures  of  the  earth  both  up  and  downstream  of 
the  dam  are  taken  into  account  it  is  usually  found  that  the  final  section  is 
approximately  triangtilar  down  to  the  level  of  the  top  of  the  earth,  and  approxim- 
ately tectangitlar  below  this  level  down  to  the  rock  foundation.  Under  these 
circumstances,  the  necessary  tail  thickening  is  not  very  great,  but  the  shearing 
stresses  near  the  downstream  face  of  the  dam,  at  and  about  the  level  of  the  top 
of  the  earth,  mast  be  investigated. 

FiMurei  in  Own*.— It  is  well  known  that  good  masonry,  such  as  is  found  in 
a  well  constructed  dam,  can  resist  a  certain,  and  by  no  means  negligitde, 
teaiion. 

Nevertheless,  we  have  already  seen  that  the  whole  design  of  dams  (other 
than  such  unusually  high  examples  as  are  subjected  in  their  lower  portions  to 
the  maximum  permissible  compression  stress)  is  mainly  determined  by  the 
condition, — that  no  tension  shall  (in  theory)  exist  in  any  portion  of  the  dam. 
This  appears  to  be  somewhat  uneconomical,  but  th^  following  investigation  will 
show  diat  it  is  absolutely  necessary. 

Let  us  now  consider  a  section  of  a  dam,  and  assume  that,  owing  either  to 
tension  in  the  masonry,  or  to  faulty  workmanship,  a  horizontal  cradc  exists  in 
the  water  face,  and  that  this  crack  is  of  such  a  width  as  to  allow  water  under  a 
pressure  s,  to  penetrate  to  a  depth  x,  as  shown. 

Consequently,  we  have,  in  addition  to  the  forces  formerly  considered,  an 
upward  pressure  t,  acting  uniformly  over  the  length  *,  i.e.  the  resultant  upward 
force  is  m,  acting  at  a  point  distant  -  from  the  water  face  of  the  section. 

Applying  equations  Nos.  i  and  3  we  get  for  the  tensions  produced  by  this 
force: 


'■-?(5-)i 


where  i,  is  the  horizontal  thickness  of  the  dam. 

Hence,  the  total  pressures  existing  in  the  dam,:duf  to:  the  cambinaijon  of 
the  ordinary  forces  and  this  uplifting  pressure,  are  (Fig.  II.) : 

f-f-'A^h  -  f)- "{'  -  S)} " "» "»■"  '•«• 

And,  g  ~  q' ~ ^( \ \^^-  —  ij-«(3f  -  i)J  at  the  downstream  face. 
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Therefore,  no  tensile  stress  exists  in  the  dam  if : 

V(  3  —  ^  )-  *»(  2  —  ^\  is  positive  ;  and,  in  the  upper  portion  of  the 

dam,  where  the  resultant  of  the  ordinary  pressures  lies  well  inside  the  middle 
third,  we  ^an  (in  any  given  case)  calculate  the  piessnres  produced  by  the 
ordinary  forces,  and  the  extra  uplifting  pressure  due  to  water  in  the  crack. 

Thus,  if  we  put  y  =X  we  find  thatjJ— ^'=0,  when  : 


T-      ,        'VTZ' 

^0  t 


Skitch  No.  109.— Fissntct  in  Dams. 

which,  when  J  is  given,  enables  us  to  find  Ihe  length  of  the  crack  that  will  just 
produce  tension  in  the  dam,  and  i^  as  is  the  case  in  most  dams,  ^=0,  J=o^ 
or  X=o,  so  that  any  crack,  however  small,  causes  some  tension  to  arise. 

It  IS  also  evident  that  absolute  safety  against  any  possible  ciack  can  be 
produced  by  designing  the  dam  so  that  fi—p'=o,  when  *=t,  for  then  the  dam 
would  be  stable,  with  a  horizontal  crack  extending  right  across  it. 

Putting  x"!,  we  then  get ; 

^("-Y)-'f° 

and  if,  for  the  sake  of  simplicity,  we  assume  a  triangular  dam,  and  that  i,  is  doe 
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to  a.  water  pressure  equal  to  x,  the  height  of  the  dam  above  the  section  con- 
sidered, we  have  : 

V=pf-p^-        «>th«,p(3-^)-i-o; 

'^'■^"'(^)'  ==''S2'"fp="S- 

Now,  for  a  triangular  section,  with  vertical  water  face,  we  have  ; 

■^~3    3V     Vi^ 
Hence,  for  a  triangular  dam,  safe  against  all  cracks,  we  have : 
{+£L-?£nl/        or,/«.^. 

3  ap/     3P  P-i 


So  that,  in  order  to  secure  absolute  safety  against  horizontal  cracks,  we 
must  increase  the  thickness  of  the  dam  in  the  ratio  a/-£—    or,  far  p— 3*25, 

V   p_i 

about  34  per  cent. 

But,  since  f,  is  now  o'56  :rp,  in  place  of  jrp,  it  is  plain  that  the  limiting  depth 
before  the  maximum  permissible  pressures  are  exceeded  is  increased  in  the 

ratio  —^-2  or,  say  i  'Bo,  so  that  in  high  dams  of  weak  material,  a  design  of  this 

character  deserves  consideration. 

Such  a  section  would  be  expensive  in  the  usual  case  of  low  dams,  and 
consequently  a  design  such  that  p=o,  or  a  small  quantity,  is  adopted. 
Hence,  p—p'  is  negative,  or  tension  may  occur  across  the  beginning  of  the 

Now,  unless  we  assume  the  crack  to  be  of  limited  extension  in  the  direction 
of  the  length  of  the  dam,  we  caimot  ejqiect  the  cracked  portion  of  the  masonry 
to  support  any  tension. 

We  thus  have  three  further  cases  to  consider : 

(i>  P=/~/=o={v(2-3l)-„(a-g)}j    .    .    .     Fig.  111. 

That   is  to  say,  the  stress  diagram  is  as  sketched,  and  no  portion  of  the 
masonry  is  " 


V-^=r.2x/,    and?^=«., 

3  it' 

-J =cc666i  \/o -444  -  2  :«4^ 
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The  negative  sign  alone 

gives  a  physically  existing  value,  and  « 

rehvt, 

when   -*"  =  !: 

«=o 

J^=o-666 

t     ^ 

«=oo33 

■^=0-633 

f.ooa  . 

«=oo66 

.     ^=o-6   .  ■ 

J=.,. 

«-oi66 

^=0. 

/-o*. 

«=o-.98 

',-"■,1 

-^=0-67 

(ii)  The  stress  diagram  is  as  sketched  in  Fig.  IIU,  ^nd  k,  the  (Ustance  10 
the  point  where  the  stress  is  o,  is  less  than  w.  Therefore,  putting  Q,  for  f-f', 
we  have : 

■         ■      lQ('-*)(?^*)-yr-f 

Hence.         i=Y(6.?:^.<4/-3-) 
4(V-«)* 


"      "^      b\iJ-y)-yt{,-it-£) 

The  Crack  does  not  tend  to  increase  in  depth,  unless  tension  exists  at  its 
end.    The  condition  for  this  is  obtained  by  putting  i  «=  *. 

Or,  since  V  =  v\-zxt,  simplifying  the  equation,  we  find  as  the  equation  for 


which  permits  us  to  delennine  X,  when  n,  and  -,  are  given  ; 
e«.^-  i,n  =  cro33;  gtTesX'=tfi4. 
When  y  —  i,  we  have,  Q  =■  — ■-,  and  when  z,  is  given,  i  =  r,  when : 


(iii)  The  dam  is  so  badly  cracked  that  the  inner  end  of  the  ciack  is  exposed 
.tension.    (Fig.  11 W.)  _     . 

Here  we  merely  have  to' substitute  as  follows  in  Equation  page  383 : 
/— E,  in  place  of  /,       y—^,  in  place  of_y,        and  — '   in  place  of  -,  when 
is  a  co-ordinate,  but  not  in  the  expression  tz. 
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We  thus  get : 

f-A-{-(-3-B)-"(-i<fe,)} 

or: 

^  ~{7l!^{v(2^-l»'+?)-^  (4'-^)| ;  where P,isapressure 
when  positive. 

It  should  be  noticed  that  the  upward  force  sz,  now  increases  the  compression 
at,  and  near,  (be  downstream  face. 

As  before,  put  V=ii2jr/        --■^=  jj        ^=X 
We  get: 

-^'~^^  =x{ii2(3»+X)-4x(4-X)} 

Q(l^>L  =  .r(,-,2(j-3«-2XH^X(2+X)} 

It  will  be  plain  that  if  X,  be  assumed  M.  each  j«nt  (not  necessarily  as 
constant,  but  rather  as  a  variable  value  coTresponding  to  a  fixed  length  of 
oacfc),  since  n,  is  known  from  the  original  design,  Section  No.  (ii)  pennits 
us  to  detennine  whether  the  end  of  the  crack  is  exposed  to  tensile  stresses,  and 
these  last  equations  enable  us  to  determine  whether  the  asstmied  a«ck  is 
Kkely  to  spread. 

We  may  therefore  consider  that  a  complete  design  for  a  dam  will  not  only 
include  a  table  of  the  values  of  p  and  g,  but  also  a  table  of  the  "  permissible 
lei^tb  of  ciack,"  calculated  from  Equation  page  384,  or  a  table  of  the  stresses 
edstii^  at  the  end  of  a.  crack  of  definite  length,  calculated  from  the  appropriate 
equation. 

Tbe  importance  of  such  work  cannot  be  measured  solely  by  the  values  of 
the  stresses  es  ctdculated,  for  their  numerical  values  alone  do  not  fiilly  disclose 
the  strains  that  may  be  induced  in  the  masonry.  The  stresses  occur  at  a  ic- 
entering  angle.  We  have  no  exact  theory  erf  the  effect  of  stresses  near  the  end 
of  a  crack,  such  as  are  now  considei%d,  but  there  is  little  doubt  that  this  is  a 
more  unfavourable  case  than  that  of  a  spherical  flaw  in  a  cylinder  under 
torsion,  in  the  latter  we  have  sound  theoretical  justification  for  the  statement 
that  the  strains  may  rise  to  twice  tbe  value  calculated  from  the  average  stress 
according  to  the  usual  rules. 

Thus  the  stresses  obtained  above  are  not  only  high,  but  act  on  a  weak  spot, 
and  are  therefore  likely  to  be  very  effective  in  extending  the  fissure. 

As  examples  of  the  application  of  the  above  equations,  let  us  assume  the 
following : 

(i)  A  dam  designed  to  satisfy  the  middle  third  law  exactly.    Then,  j=-,  or 

PO^,  _,{,.„,.  ^^^_,,} 


Di.itradb,  Google 


388  CONTROL  OF  WATSR 

Or,  assuming  successively  that : 

X  =  o-oi  wegeto-49P  =j(<o-oi  12  - -00199) 

X  =  o-oa  „      048P  =  *(o'0324 o'o398) 

X  =  o-o3  „  o-47P=-t(o-o336-Joo59s) 

X  =  0-05  „       0-45?  =  jr(o'os6o 0-0987) 

X  — o'to  „  0405P -«4r(olI20 —  ©■[9So) 

Hence,  if  j  =  jr,  as  will  be  the  case  if  the  crack  is  of  measurable  width,  even 
the  smallest  crack  (if  horizontally  directed)  produces  a  tension  at  and  around 

Now,  assume  the  workmanship  to  be  such  that  an  open  crack  I  foot  long 
may  possibly  occur. 

When  j:  =  15  feet,    /  ■=  10  feet  approx. 

Thus,  for  a  I  foot  crack  wc  have  X  =  o'lo,  and  the  tension  when  S'^x,  is 
a'Tox  =  [90  lbs.  fcr  square  foot,  and  qua  causing  an  increase  in  the  crack  wc 
may  consider  the  tension  as  being  about  3S0  to  400  lbs.  per  square  foot,  which 
is  not  likely  to  break  good  masonry. 

Next,when.r  •■  75  feet,  /=  50  feet  approx.,  and  for  a  i  foot  crack,  X  =0*01,  so 
that  when  ;  =  ;r,  the  tension  is  0'O2&r  =  120  lbs.  per  square  foot,  which  is 
also  safe. 

Thus,  we  may  conclude  that  a  i  foot  crack,  although  undesirable,  is  not 
necessarily  fatal. 

If,  however,  we  assume  that  a  3  foot  crack  can  exist,  we  get,  when  x  =  s  = 
75  feet,  X  =  oo6,  the  tension  is  01161=  S47  lbs.  per  square  fiiot,  which  is 
probably  unsafe,  since  it  is  in  reality  equivaJent  to  1000  to  iioo  lbs.  pc 
square  foot. 

We  may  therefore  conclude  that  the  determining  factor  is  the  woritmanship, 
in  which  must  be  included  the  methods  employed  to  counteract  the  changes  c' 
temperature  which  occur. 

(ii)  It  will  also  be  evident  without  detailed  cakulation  that  if  we  dengn  tfat 
dam  BO  that -^  =  063,  or  »  =  0036,  X  =  0*15,  or  the  crack  must  be  at  least  oi^ 
long  when  i  ■=  x,  before  tension  occurs  at  its  end.  Although  only  ;  to  6 
per  cent,  thicker  than  the  theoietica}  minimum,  the  dam  is  practically 
safe  against  cracks  such  as  are  likely  to  occur  even  with  unusually  bid 
workmanship. 

The  assumptions  are,  of  course,  somewhat  unfavourable.  At  ^%  feet  depth 
the  dam  is  about  50  feet  tbick,  and  a  continuous  horizontal  crack  extending 
7';  feet  into,  and  with  some  extension  along  the  dam,  (1  And  roughly  that  theit 
is  an  appreciable  beam  action  unless  the  extension  in  this  direction  exceeds 
30  feet)  must  be  considered  as  indicating  very  careless  workmanship ;  but  is 
not  impossible  in  a  concrete  dam  built  up  in  horizontal  layers.  Also,  the 
assumption  of  uniform  pressure  over  the  whole  depth  of  the  cnick,  is  a  very  \i% 
one,  for  if  the  crack  is  narrow,  leakage  and  the  surface  tension  of  the  water  ii 
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contact  witt)  the  masonry  will  prevent  the  full  pressure  being  earned  over 
the  whole  depth. 

It  is  difficult  to  avoid  the  conclusion  that  %  dam,  as  ordinarily  designed, 
is  liable  to  £ail,  unless  of  first  class  construction,  through  the  gradual  opening  of 
a  horiiontal  crock  starting  at  the  water  face.  • 

It  therefore  seems  advisable  not  only  for  this  reason,  but  also  on  the  ground 
of  the  tensile  stresses  e^eperimentally  shown  as  likely  to  exist  near  the  junction 
of  the  water  face  and  the  foundation  of  the  dam,  to  consider  the  water  face  as 
the  portion  of  the  dam  requiring  the  most  careful  inspection  and  workmanship. 
The  question  of  preventing  infiltration  will  be  discussed  later. 

Fallnres  of  Masonry  Dams. — Owing  probably  to  the  fact  that  masonry 
dams  are  rarely  constructed  without  careful  technical  consideration,  actual 
&ilares  are  but  few. 

Nearly  every  long  masonry  dam,  which  is  straight  in  plan,  has  cracked, 
and  it  may  be  laid  down  as  a  general  nile  that  for  this  reason,  if  for  no  other, 
the  plan  t^a  dam  should  be  slightly  curved. 

Of  actual  failures,  the  most  instructive  are  the  Puentes  in  Spain,  the  Bouzey 
in  France,  and  the  Austin  dam  in  Texas. 

PuESTSS  Dam  Fail  t/xs.— The  failure  of  the  Puentes  -dam  is  more 
interesting  fiwn  the  point  of  view  of  the  properties  of  permeable  strata,  than 
from  that  of  actual  dam  design.  The  description  and  following  quotation  are 
taken  from  Aynard's  Irrigation  du  Midi  de  tEspagne. 

Sketch  No.  1 10  shows  the  dam  to  be  of  unscientific  design,  which  is  not 
surprising  in  view  of  the  fact  that  it  was  constructed  in  1785-1791.  The  design, 
nevertheless,  is  a  safe  one,  since  no  tension  occurs,  and  the  maximum  com- 
pression is  16,350  lbs.  per  square  foot. 

The  dam  is  founded  on  piles  22  feet  long,  driven  into  a  bed  of  sand,  and 
gravel,  at  least  35  feet  deep.  The  original  design  contemplated  reaching  solid 
rock,  but  this  was  found  to  be  impossible. 

The  piling,  and  the  slab  of  masonry  7-4  feet  in  thickness,  were  continued  for 
131  feet  (40  metres)  below  the  dam,  thus  securing  an  impermeable  coating 
285  feet  in  breadth. 

For  II  years  the  water  never  rose  more  than  S3  feet  above  the  top  of 
this  apron,  and  the  dam  showed  no  signs  of  foilure,  the  apron  evidently  being 
sufficiently  broad  to  prevent  deleterious  percolation  under  this  pressure. 

In  1803,  however,  the  water  rose  to  154  feet  above  the  level  i64-2  (j'e.  to 
the  full  supjdy  level),  and,  as  stated  by  an  eye-witness: 

"On  the  downstream  side  of  the  dam  towards  the  apron,  water  of  an 
exceedingly  red  colour  was  boiling  up  in  great  quantities." 

"  Half  an  hour  later,  this  boiling  up  had  increased  10  an  enormous  mass 
of  water," 

and  a  definite  passage  was  formed. 

The  dam  still  remains  (1864)  like  a  bridge,  the  opening  being  about  56  feet 
broad,  by  108  feet  high. 

I  think  that  it  is  impossible  to  describe  a  f^lure  due  to  percolation  more 
clearly.  The  only  doubt  is  as  to  whether  the  apron,  shown  as  131  feet  broad, 
was  blown  up,  or  whether  there  was  some  portion  of  the  sandy  pocket  which 
was  not  covered  by  the  apron. 

In  any  case,  it  appears  that  the  dam  failed  owing  to  the  percolation  being 
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so  excessive  as  to  actually  lift  Qp  the  sand.  The  example  is  unusually  intemt- 
ing,  because,  so  far  as  I  am  aware,  most  percolation  failures'  can  be  traced  to 
the  foundations  being  too  narrow.  Whereas  in  this  case,  the  foundations  were 
evidently  too  shallow.  Their  effective  depth,  according  to  my  rules,  beinK 
about  23  fett,  under  the  assumption  that  the  impermeable  core  wall  is  7  feet 
deep  at  131  feet  from  the  centre  of  the  combined  dam  and  apron  (see  p.  397). 

As  no  engineer  is  likely  to  be  so  reckless  as  to  construct  a  stmie  dam  on 
permeable  foundations,  any  further  comment  is  needless. 


Puentes  Dam 


Sketch  No.  110.— Puentes  Dam. 


BOVZBV Dam  Failure.— Iht  Bouiey  failure  presents  several  interesting 
features.  The  detailed  seaion  taken  from  Langlois'  Rupture  du  Barret  it 
Bouxey,  is  as  per  Sketch  No,  1 1 1 .  So  far  as  can  be  gathered  from  the  figure 
and  reports,  the  law  of  the  middle  third  was  unknown  to  the  designer,  who 
appears  to  have  been  satisfied,  provided  that  the  line  of  the  resultant  pressure 
fell  within  the  section  of  the  dam,  and  that  the  maximum  pressure  did  not 
exceed  the  working  compressive  stress  of  the  masonry.  Consequently,  the 
masonry  seems  to  have  been  considered  as  capable  of  resisting  tension,  and 
certain  limiting  values,  both  for  the  tensile  and  the  compressive  stresses, 
appear  to  have  been  laid  down.  From  certain  statements,  these  seem  to  have 
been  3075  lbs.  per  square  foot  (r;  kilogram  per  square  centimetre)  in  tension. 
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and  30,500  lbs.  per  square  foot  (10  kilos,  per  square  centimetre)  in  compression.' 
At  any  rate, 'some  limits  ifere  astifned,  and  were' evidently  determined  by 
e^terinwDt  previous  to  Constnictiw.  The  tensili  stress  assumed  to  be  per- 
missive appears  viery  great,  but  there  is  no  doubt  that  the  dam  did  actually 
sustain  tensions  exceeding  3000  lbs.  per  square  foot. 

Tb«  dam  was  founded  on  a  layer  of  micaceous  sandstone,  traversed  by 
seams  and  fissures  of  clay.  The  guard  wall  AB  was  intended  to  be  carried 
down  through  this  fissured  rock  into  a  compact  and  impermeable  stratum.  So 
for  as  can  be  ascertained,  this  was  not  effected  in  many  places,  owing  10  lack 
of  pumpmg  power,  and  in  certain  spots  where  an  impermeable  stratum  was 


/gt3fig/ 


^Itoutey  Dntn,  original  section  and  repaira. 


a  still 


reached  this  was  only  a  layer,  and  permeable  rock  was  known  t< 
greater  depth. 

Under  such  ciicumstaAces,  it  is  not  surprising  that  in  i8S4(when  [he  water 
level  reached  the  line  366*80)  the  dam  cracked,  moving  bodily  forward  in 
places.  Later,  the  reservoir  was  emptied,  and  it  was  found  that  the  dam  had 
separated  from  the  guard  wall,  over  a  length  of  453  feet,  and  had  moved 
backwards  as  much  as  14  inches  atcert^n  points. 

The  gravity  of  the  situation  does  not  appear  to  hare  been  fully  realised. 
The  cracks  were  closed  with  grout,  and  the  repairs,  as  sketched  in  dotted  lines, 
were  carried  out.  TTiese  can  hardly  be  supposed  to  have  checked  percolation 
along  the  crack' in  the  guard  wall  and  the  consequent  uplifting  pressure. 

The  reservoir  was  again  filled,  and  all  seems  to  have  gone  well,  except  for 
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certain  leaks,  until  1895.  Then,  the  water  level  rose  to  the  oiiginatly  designed 
full  supply  level  37 1 's,  and  the  dam  cracked  hoiiiontally  at  the  levels  361'$  aid 
358,  and  failed  through  the  upper  portion  being'  swept  away  over  a  length  of 
600  feet.  This  length  was  quite  distinct  from  the  345  feet  that  had  prcvioasi]' 
failed. 

The  stresses  in  the  original  dam  appear  to  have  been  as  high  as  1 1,480  lbs. 
per  square  foot  (5'6  kilos,  per  square  centimetre)  compression,  on  the  doicDstreaiii 
side,  and  to  have  reached  a  tension  of  3,075  lbs.  per  square  foot  (1*5  kilos,  per 
square  centimetre)  at  tbe  level  35S  metres  on  the  upstream  sid&  These 
values  are  obtained  under  the  assumption  that  the  masonry  can  resist  tensioD- 

Langlois  calculates  the  stresses  at  the  level  349'4o  under  the  assumption 
that  the  masonry  cannot  resist  tension,  and  gets  (14*13  kilos,  per  square 
centimetre)  28,800  lbs.  per  square  foot  compression.  As  he  believes  that  the 
masonry  could  stand  (30  kilos,  per  square  centimetre)  61,500  lbs.  per  square 
foot  compression  and  (3*5  kilos,  per  square  centimetre)  7,I7S  lbs.  per  square 
foot  tension,  he  considers'  that  the  dam  might  have  been  safe,  were  it  not 
for  the  uplifting  pressure  on  its  base,  due  to  infiltration  of  water.  His 
calculations  regarding  infiltration  pressures  seem  to  be  affected  by  an  error  in 
measurement,  so  I  do  not  quote  them. 

Those  referring  to  the  level  361'$  metres  (where  the  final  future  occurred), 
are  useful.    We  have,  taking  p=2,  and  working  with  metric  units  : 
V=2X  46-1  =93-2  M=()7-4 

los 


Thus, 


H=---ii5o  ii=2-i3  metres 

=2iH-r8i  =  3'93  metres 


■''=''' [?^('"^7§^) "■'•'' J.145  lbs.  per  square  foot 

y =3 x§^(3-?il!?J_,  1=47-67= +9773 lbs.  per  square fxit 

since  these  units  are  thousands  of  kilos,  per  square  metre  (203  lbs.  per  square 
foot),  and  are  converted  into  kilos,  per  square  centimetre  by  dividing  by  ta 
Thus,  there  is  a  tension  in  the  upstream  foce,  so  that  the  bilure  is  quite 
explicable. 

Consider  also  the  case  of  a  horizontal  crack  ■  metre  deep,  with  a  water 
pressure  of  10  metres  acting  on  it,  or  a  total  upward  force  of  10  units.  Then, 
remembering  that  in  this  case  no  support  from  the  sides  of  the  crack  can  be 
relied  upon,  we  must  put  /~-^=5'09~i,  and  we  get : 

409\         409    /     4'09\        4'09  / 

i=— 3763  lbs.  per  square  foot 

4'09V   4-09         /    4-09V  4-09        / 

=  + 1 2,000  lbs.  per  square  foot. 
M.  Langlois  also  discusses  the  effect  of  temperature  stresses  on  the  dun, 
which    was   not  curved  in  plan,  and  endeavours  to  show  that  the  lepain 
(especially  the  giouting),  really  tended  to  weaken  the  si 
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I  agree  with  the  conclusions  of  M.  Langlois,  and  would  particularly 
remark  that  his  resume  of  the  advantag'es  of  curving  a  dam  in  plan  is  most 
excellent;  but  it  appears  unnecessary  to  go  beyond  the  above  figures  for  an 
esplsnation  of  the  failure. 

As  is  invariably  the  case  when  a.  failure  is  investigated,  the  maKrials  appear 
to  have  been  of  second-rate  quality.  The  stone  was  fissured,  and  clayey,  and 
tbc  sand  very  fine,  so  that  the  masonry  was  neither  as  dense  nor  as  strong 
as  the  designer  assumed.  I  do  not  consider  tbat  audi  statements  throw  any 
real  light  on  the  laws  of  dun  design.  Practical  engineers  are  well  aware  that 
not  one  work  in  ten  is  really  perfect  in  construction,  and  that  the  odier  nine, 
if  wril  designed,  are  saved  from  failure  by  the  factors  of  safety  adopted  in 
their  calculation. 

It  may,  I  think,  be  taken  as  a  ruling  principle  that  no  work  fails  except 
when  it  combines  bad  design  and  imperfect  workmanship ;  the  amount  of 
imperfection  necessary  to  secure  failure  depending  on  the  inferiority  of  the  design. 

The  Bouzey  design  was  radically  bad,  and  therefore  a  very  small  imperfec- 
tion in  construction  caused  failure  to  take  place. 

Nevertheless,  these  facts  create  a  feeling  not  so  much  of  astonishment  at 
the  disaster,  as  of  confidence  in  a  well  designed  dam.  We  have  a  dam 
violating  in  every  possible  manner  all  the  present-day  principles  of  sound 
construction.  The  foundation  is  bad,  and  the  dam  is  not  carried  down  far 
enough  ;  yet,  it  only  partially  fails.  Later,  when  the  dam, — due  to  this 
particular  defect, — was  exposed  to  upward  water  pressure,  it  did  not  fail  until 
at  least  16  Ihs.,  and  probably  (owing  to  upward  pressure)  30  lbs.,  per  square 
inch  tension  had  been  induced. 

It  would  therefore  appear  that  a  dam  designed  with  but  one  half  the  factor 
of  safety  usually  existing,  only  fails  when,  besides  heavy  tensile  stresses, 
percolaiion  occurs.  It  seems  unnecessary  I0  add  that  both  the  stone  employed, 
and  the  mortar  used,  are  stated  to  have  possessed  only  about  two-thirds  of  the 
usual  strength. 

Austin  Dau  FAiLUJtS.—Tb\s  failure  is  discussed  by  Gillette  {Engineer- 
ing Newt,  May  yi,  1901). 

The  dam  was  founded  on  weak  limestone,  stratified  in  nearly  horizontal 
layers.  This  was  known  to  be  leaky,  and  water  under  pressure  was  found  by 
boring  into  the  foundations  during  construction. 

The  leaks  which  developed  af^er  construction  were  stanched  by  careful 
treatment  with  clay,  and,  in  view  of  the  large  quantity  of  silt  deposited  in  the 
reservoir,  during  its  seven  years  of  life,  there  is  little  donbt  that  the  leakage  and 
tbc  permeable  strata  that  probably  existed  beneath  the  foundation  of  the  dam 
had  little  in&ience  on  the  ultimate  failure ;  although),  no  doubt,  they  were 
hardly  conducive  to  sound  sleep  on  the  part  of  the  rtsponsible  engineer. 

The  circumstances  existing  at  tlie  time  of  the  failure  are  shown  in  Sketch 
No.  112,  (except  for  the  unknown  depth  of  the  silt  deposit  upstream  of 
the  dam). 

The  horixontal  pressure  of  the  water  on  the  upstream  face  of  the  dam  was 
equal  to  181,500  lbs.  per  lineal  foot  of  the  dam.  The  back  pressure  of  37  feet 
depth  of  water  below  the  dam  is  equivalent  to  42,80a  lbs.  per  lineal  foot ;  so 
that  the  nett  force  i»Y>ducing  sliding  is  1 38,700  lbs.  per  lineal  foot. 

Assuming  145  lbs.  per  cube  foot  as  the  weight  of  the  masonry,  the  weigh! 
of  the  dam  was  330,000  lbs.  per  lineal  foot. 
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1  the  crest  of  dams  1300  lbs.  per  lineal 


a  slope  of  dam  » 2700  lbs.  per  lineal  foot. 
D  curved  loe  =  37,000  lbs.  per  lineal  foot 


Weight  of  water,  1 1  feet  x  18  feet,  0 
foot. 

Weight  of  water,  1 1  feet  x  40  feet,  o 

Weight  of  water,  20  feet  x  30  feet,  o 

Total,  360,000  lbs.  per  lineal  foot. 

Thus  even  with  this  (in  my  opinion),  large  over-estimate  of  the  water  kxds 
on  the  dam,  we  obtain  the  ratio  against  sliding  as  038,  and  if  we  allow  to 
a  back  pressure  of  only  36  feel  depth  of  tail  water,  the  ratio  is  o'44- 

Now,  we  know  that  there  was  a.  fault  in  the  strata  under  the  base  of  the 
dam,  so  that  it  can  hardjy  be  supposed  that  the  hmestone  rock  bad  any  oiliesrrc 
strength  near  this  fault ;  and,  even  if  not  faulted,  such  a  rock  has  little  cohesive 
strength  along  its  bedding  planes. 
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Morin  gives  the  coefficient  of  friction  for  limestone  on  liniestone  as  0*38,  and 
for  stone  on  wet  clay  as  0*33,  so  that  it  must  be  acknowledged  that  there  wai 
very  little,  if  any,  margin  against  sliding,  unless  the  limestone  had  some  o^iesion. 

The  reports  on  the  failure  of  the  d&m,  (which  was  seen  and  photographed 
in  a  very  complete  manner),  seem  to  show  that  a  length  of  about  Joo  iect  did 
actually  break  away,  and  move  bodily  downstream. 

AboomiAl  Loads  on  Dknu.— Abnormal  loads  are  prinripa'ly  produced  by 
ice,  and  shocks  from  floating  bodies. 

The  thrust  exerted  by  the  expansion  of  a  sheet  of  ice  i  foot  thick  cm 
theoretically  amount  to  as  much  as  34,000  lbs.  per  linear  foot  of  the  dan.  Id 
America  (Trans.  Am.  Soc.  of  C.E.,  vol.  53,  p.  89),  a  thrust  of  29,000  Ibi. 
appears  to  have  been  observed,  but  the  thickness  of  the  ice  is  not  recorded. 

In  the  Quaker  Bridge  Dam,  a  value  of  43,000  lbs.  was  assumed,  andai  the 
Columbus  Dam,  22,670  lbs.  per  lineal  foot,  each  including  an  alktwance  for 
shocks  from  floating  blocks  of  ice. 
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No  rule  can  be  given  for  shocks  from  floating  bodies,  and  local  circumstances 
alone  can  indicate  if  any  allowance  should  be  made ;  and  if  so,  its  exact 
m^^itude. 

FxAcriCAi.  CoKSTKOCTfON  OF  DAMS.—The  discussion  of  Messrs. 
Pearson  and  Atcherley's  theory,  axA  the  investigation  of  the  effect  of  horizontal 
fissuTcs,  win  have  shown  the  points  where  weakness  is  most  to  be  apprehended. 

Ccmsequeotly,  the  nilingfactors  are  to  prevent  horizontal  cracks  at  all  costs  ; 
and  to  ensure  water-tightness,  in  particular,  at  and  near  the  junction  of  the 
water  face  of  the  dam  and  its  foundation. 

The  first  condition  encludes  any  construction  such  as  brickwork,  where 
horizontal  joints  mn  through  the  dam.     Modem  practice  appears  to  be  trending 
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Skitch  No.  113. — Remichied  Dmk  (after  Intie). 


towards  the  adoption  of  mass  concrete,  with  la^e  Mocks  embedded  at  random 
in  the  concrete,  rather  than  nibble  masonry.  In  view  of  the  fact  that  well  made 
concrete  apparently  possesses  greater  shearing  strength  than  the  best  masonry, 
this  practice  appears  to  be  logical. 

The  question  of  hydraulic  lime  versus  Portland  cement  as  the  binding 
material  of  the  concrete  or  masonry,  is  a  debatable  one.  Cement  is  the 
stronger  of  the  two  materials,  but  the  slow  setting  of  the  lime  allows  initial 
strains  to  adjust  themselves. 

Water-tightness  is  best  secured  by  a  correct  proportioning  of  the  concrete, 
and  by  good  workmanship.  The  designs  of  Intie  (see  Sketch  No.  113)  arc 
cxMtly,  but  afford  a  very  perfect  shield  for  the  junction  of  the  dam  and  its 
foundation.     In  the  case  of  the  Remschied  Dam,  the  water  face  was  plastered 
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with  cement,  aad  this  was  covered  with  asphalt,  which  was  again  covered  with  a 
wall  of  brickwork  frfHi)  ifoot  to  3  feet  thick.  It  maybe  pareotheticaliy  remariied 
that  plastering  the  face  with  cement  appears  to  be  universal  in  German  practicc 

The  old  and  leaky  Mouche  Dam  was  rendered  water-tight  by  a  covering  of 
concrete,  about  7  feet  thick,  in  which  drains  were  formed  at  intervals  of  about 
3-5  feet  (vide  A.P.C.,  190;,  vol.  S,  p.  136), 

Kreuter  {Btilmge  xur  Berecknung  der  Staumaurtti)  recommends  that  the 
whole  water  face  of  the  dam  be  covered  with  jack  arches  ;  and  that  the  spaces 
between  these  arches  and  the  dam  face  be  kept  fiee  from  water  by  means  of  drains. 

In  British  work,  water-lightness  is  usually  secured  by  a  ^n  of  sli^tly 
richer  concrete  on  the  water  face.  The  method  is  open  to  objection,  but  has 
proved  successful  in  cases  where  the  range  in  temperature  is  no  greater  than  in 
England  or  Germany. 

In  hotter  and  drier  climates  (possibly  owing  to  unequal  contraction)  such 
skins  are  found  to  crack  during  the  setting  of  the  cement. 

Where  frost  does  not  occur,  Wade  (P.I.C.E.,  vol.  178,  p.  7)  states  that 
water-tightness  can  be  secured  by  the  concrete  being  placed  very  dry  (where  a 
rich  skin  is  required,  the  concrete  must  be  laid  wet},  and  coating  the  green 
concrete,  as  soon  as  the  shuttering  is  removed,  with  two  layers  of  neat  cement 
laid  in  with  a  brush. 

Such  painting  with  neat  cement  can  always  be  advantageously  applied; 
although,  when  exposed  lo  frost,  its  durability  is  open  to  doubt.  Very  good 
results  are  also  secured  in  masonry  by  pointing  the  face  joints  with  pure  cement 
mortar  of  a  very  stiff  consistency. 

Personally,  I  am  strongly  adverse  to  the  insertion  of  plums  in  anything  but 
wet  concrete  ;  although  it  must  be  acknowledged  that  Deacon  at  the  Vymwy 
Dam,  and  Wade  («/  sufird)  secured  excellent  results  with  mortar  and  concrete 
respectively,  of  a  "putty"  consistency. 

According  to  User's  experiments  {P./.C.E.,  vol.  178,  p.  90),  a  certain  amount 
of  strength  is  gained  by  using  dry  concrete.  The  figures  for  12-inch  cubes,  at 
18  to  34  months,  are  : 

Dry  concrete 355,70°  lbs.  per  square  foot. 

Plastic  concrete 330,100  lbs.  per  square  foot. 

Wet  concrete 313,900  lbs.  per  square  foot 

These  results  are  relatively  better  than  usual. 

Wade's  figures  for  dry  concrete  with  a  sandstone  aggregate  are  : 

I   ;  i'66  ;  3"33  concrete     .  270,000  lbs.  per  square  foot  at  90  days. 
1   :  2'5    :  4'4    concrete    .   248,100  lbs.  per  square  foot  at  90  days. 

Mortar 230,000  lbs.  per  square  foot  at  90  days. 

While  Bruce  obtains  with  ; 
I  :  2i  :  4,  and  an  unsatisfactory  aggregate,  figures  ranging  from  282,000  to 
335,000  lbs.  per  square  foot  at  6  months. 

The  worst  figure  reported  for  concrete  of  modem  Portland  cement  appean 
to  be  215,000  lbs.  per  square  foot,  for  a  i  :  ij  :  6^  mixture  at  30  days,  riung 
to  327,000  lbs.  per  square  foot  at  90  days. 

Deacon  {F./.C.E.,  vol.  126,  p.  68)  states  thai  hydraulic  lime  mortar  mixed 
as  3^  :  I  can  be  made  (if  precantions  are  taken)  to  stand  340^000  to  450,000 
per  square  foot  in  compression,  and  200  to  300  lbs.  per  square  inch  in  « 
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HiU  {P.I.C.E.,  vol.  126,  p.  109)  finds  that  1  to  3,  or 
S  feet  thick,  is  quite  water-tight  in  puddle  trencheE  i 


nder 


4,  lias  lime  o 

50  foot  head  of 


Tlie  above  figures  show  that  failore  by  crashing  is  unlikely,  even  with  weak 
concrete.  It  hai,  however,  been  shown  that  when  strength  becomes  a 
determining  factor  in  design,  the  shearing  strength,  rather  than  the  crashing 
strength,  should  be  considered.  It  is  probable  that  all  the  test  pieces,  the 
strengths  of  which  are  recorded  above,  really  failed  by  shear.  Nevertheless,  in 
designing  a  dam  it  would  appear  desirable  to  test  the  samples  of  tbe  proposed 
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^Skbtch  No.  114. — Typical  Algerian  Dan,  shawing  Uraw-oET  Amngements. 


materials  in  "shear"  rather  than  in  "compression"  in  the  sense  used  by 
testers.     Some  results  thus  obtained  are  recorded  on  page  372. 

Similarly,  the  design  of  the  joints  in  the  dam  should  be  conditioned  by 
the  shear,  rather  than  by  the  pressure.  Thus,  the  common  practice  of  laying 
masonry  or  plum  concrete  with  the  joints  of  the  masonry  or  the  longer  dimen- 
sions of  the  plums  normal  to  the  flanks  and  faces  of  the  dam,  may  be  a  mistake. 

The  correct  disposition  of  the  material  is  that  in  which  the  direction  best 
fitted  to  resist  shear  is  at  45  degrees  to  the  feces  or  flanks.  Thus,  in  a  rock 
with  beds  along  which  shear  easily  occurs,  these  beds  should  lie  either  parallel 
or  perpendicular  to  the  dam  faces  in  all  stones  close  to  the  bees.  The  rule 
usually  leads  to  the  dispiosition  above  referred  to ;  but,  in  some  varieties  of 
granite,  blocks  laid  normal  to  the  faces  would  be  in  the  worst  possible  position 
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to  resist  shear.  Similarly,  it  will  be  plain  that  the  relative  shearinff  strengtbs 
of  the  mortar  and  of  the  individual  stones  should  be  considered  before  tbe 
method  of  arrangiog  the  materials  is  determined. 

Temperature  Strcaaea  ia  Donis.—The  question  of  the  influence  of  temper- 
ature on  the  stabiUty  of  a  dam  is  puzzling.    We  have  the  following  figures: 

The  coefficient  ofexpansion  of  concrete  isabout  0*0000076  per  I  degree  Fahr., 
while  the  value  of  Young's  modulus  ranges  between  1,400,000  and  2,800,000  lbs. 
per  square  inch.  Thus,  a  fall  of  so  degrees  Fahr.  below  the  temperature  at 
which  the  concrete  was  deposited,  should  theoretically  produce  tensile  stresses 
ranging  from  210  to  42a  lbs.  per  square  inch.  Consequently,  variations  of  tem- 
perature occurring  in  any  but  the  most  equable  climate  (if  they  really  penetrate 
into  the.aubstance  of  the  dam)  should  cause  cracks  of  an  appreciable  widUi  {e^. 
■ff  inch  wide  for  each  100  feet  length  of  the  dam,  if  a  fall  of  20  degrees  Fahr. 
occurs  and  causes  rupture). 

So  far  as  is  recorded,  the  Mouche  Dam  (see  PJ.C.E.,  vol.  1 15,  p.  157)  is  tbe 
only  case  where  cracks  of  a  width  equal  to  that  indicated  by  the  above  calcula- 
tion have  actually  been  observed. 

The  facts  may  be  explained  as  follows.  The  interior  body  of  the  dam  pro- 
bably does  not  experience  an  alteration  of  more  than  30  degrees  in  tempeiatuic 
during  the  whole  of  its  existence.  The  outer  portions,  especially  those  near  the 
downstream  face,  which  experience  greater  ranges  of  temperature  and  ate 
therefore  called  upon  to  sustain  severer  stresses,  are  prevented  from  cracking 
noticeably  by  the  support  of  the  main  body. 

Consequently,  the  shortening  produced  by  the  change  in  temperatnre  is 
largely  absorbed  in  producing  a  slight  flattening  of  the  curve  of  the  dam  ;  and 
the  cracks  are  probably  due  more  to  differences  in  the  expansion  and  contraction 
of  the  various  portions  of  the  dam,  than  to  a  more  or  less  uniform  contraction 
of  the  whole  length  of  the  dam.  It  should  be  remarked  that  the  Mouche  Dam 
b  straight  in  plan. 

If  the  above  reasoning  is  correct,  we  may  dednce  the  two  following  prin- 
ciples : 

(i)  Dams  must  be  curved  in  plan. 

(ii)  Arch  and  buttress  dams,  although  theoretically  economical,  must  be 
regarded  as  more  liable  to  temperature  cracks  than  the  usual  type  ;  and  aiming 
at  the  haonches  of  the  arches  with  rods,  or  beams,  should  be  held  to  be  essential. 

All  the  measurements  of  temperature  deflections  which  have  been  made 
appear  to  confirm  this  statement,  although  it  is  incorrect  to  consider  the  de- 
flections produced  by  bending  loads  (such  as  the  water  pressure)  as  absolutely 
comparable  with  those  resulting  from  extensions  or  compressions  arising  froni 
changes  in  the  temperature. 

As  examples,  De  Burgh  {P.I.C.E.,  vol.  178,  p.  64)  reports  that  in  the  very 
thin  Barren  Jack  Dam,  a  change  in  the  temperature  from  57  degrees  to  100 
degrees  Fahr.  produced  an  inward  deflection  0/0-14  'ich  (the  reservoir  being 
empty j.  The  water  load  is  stated  to  have  [roduced  an  outward  deflectimi  of 
0-47  inch. 

So  also,  in  the  case  of  the  far  thicker  Vymwy  Dam  (/"./.Cf.,  vol  1 15,  p.  1 17). 
the  deflection  due  to  temperature  does  not  exceed  0-566  mm. ; .  and  that  caused 
by  the  load  produced  by  die  upper  13  feet  of  water  retained,  is  not  more  than 
0-868  mm. 

In  the  Remschied  Dam  (Sketch  No.  113)  loize  reports  {ZtscMr.  D.l.V^ 
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JuDc  I,  189s)  temperature  deflections  of  j  inch,  and  load  deflectioDs  equal 
to  I ^. inch. 

The  data  collected  by  Gower  (Jrafw.  Am.  Soc.  0/ C.E.,  vol.61,  p.  399)  and 
others,  on  the  effect  of  temperature  changes  in  American  dams,  are  very  com* 
ptete.  J4evertheless,  they  cannot  be  considered  as  universally  applicable,  since 
the  climate  of  the  United  States  is  such  that  the  difference  between  the  tem- 
perature during  the  period. of  the  deposition  of  the  concrete,  or  masonry  (i>.  May 
to  November),  and  the  lowest  temperature  ever  experienced,  is  far  greater  than 
that  which  iKcurs  inother  localities,  even  when  the  same  annual  range  of  temper- 
ature is  experienced.  In  most  of  these  localities  the  working  season  is  usually 
the  colder  portion  of  the  year ;  whereas,  in  America  it  is  the  hotter  portion. 
Thus,  American  circumstances  are  unusually  favourable  to  the  production  of 
contraction  cracks  in  masonry  or  concrete. 

The  general  results  are  as  follows : 

(i)  The  actual  expansion  on  the  surface  of  the  concrete  or  masonry  is  about 
0*6  of  that  calculated  from  the  range  of  temperature  experienced,  and  from  the 
coefficient  of  expansion  of  similar  concrete  or  masonry  in  small  specimens. 

These  values  are : 

For  concrete,  troocxjog4  to  00000081. 

For  concrete  exposed  to  alterations  in  hiunidity  also,  0-0000044. 

For  masonry,  0*0000050  to  0*0000060. 

The  coeffidents  of  expansion  actually  observed  by  Gower  in  thick  granitt 
masonry  ranged  fromo'00000353  to  0*00000264,  with  ^  mean  value  of  0*00000307  per 
degree  Fahr.,  and  Dana  finds  that  for  gran  ite  the  coefficient  of  expansion  ranges 
from  0*00000440  to  0*00000480  per  degree  Fahr.  The  differences  are  possibly 
largely  explained  by  alterations  in  the  humidity  of  the  masonry. 

(ii)  The  actual  visible  cracks  which  occur,  rarely  account  tor  more  than 
0*6  of  the  theoretical  contraction.  (In  the  Assouan  Dam  the  ratio  is  only  o'2, 
and  it  is  highly  probable  that  tensile  stresses  of  yio,  to  400  lbs.  per  square  inch 
exist  on  cold  days.) 

(iii)  Actual  temperature  measurements  in  the  interior  of  the  Boonton  Dam 
indicate  that  the  annual  variation  of  temperature  at  a  distance  D,  feet  from  the 
face  of  the  dam,  is  represented  by: 

x=      ^ 
3l/D 

where  R,  is  the  annual  variation  in  the  surfiace  temperature  of  the  dam. 

It  would  also  appear  that  unless  x,  exceeds  60  degrees  Fahr.,  cracks  either 
do  not  occur,  or  are  not  sufRcientlywide  to  pennit  water  to  pass  through  them. 

Cardew  (p./.CE.,  vol.  152,  p.  239)  attempted  to  provide  for  temperature 
stresses  in  the  Burraga  Dam,  by  burying  iron  rails  in  the  top.  The  principle 
appears  to  be  correct,  as  the  rusting  of  the  iron  cannot  influence  the  stability  of 
the  dam-as  a  whole.  If  cracks  are  prevented  in  the  thin  top,  where  temperature 
changes  are  most  marked,  there  is  little  likelihood  of  their  starting  in  the  interior 
<rf  the  dam. 

Foxx  OF  THE  Dow/fSTREAM  Face  of  Overflow  Dams.—IYx  upper 
portion  (if  not  the  whole),  of  the  overflow  face  of  a  dam  is  usually  a  parabola. 
Mtiller  {Engineering  Record,  October  24,  1908),  has  suggested  that  since  the 
ordinary  parabolic  form  does  not  follow  the  curve  which  the  under  surface  of 
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the  nappe  would  assume  if  left  to  itself,  a  certain  vacuom  will  eiiel  between  die 
nappe  and  the  dam.  If  the  dam  is  high,  and  the  head  of  water  passing  over 
it  is  large,  this  is  undesirable.  Certain  dams  seem  to  have  been  exposed  to 
some  such  action.  Muller  consequently  designed  the  top  of  the  dam  so  as 
to  lie  inside  the  nappe  boundanes,  as  obtained  by  Baiin  (keeulemtnt  tn 
dfuersoir). 

The  errors  in  detail  are  plain.  Bazin's  curves  refer  to  shaqt-edged  notches, 
under  heads  not  exceeding  17  foot ;  and  Miiller  applies  them  to  thick  notdiea, 
under  heads  of  5,  or  10  feet.  The  principle  is  a  good  one,  and  t' 
leads  to  a 


The  nappe  boundaries  can  be  plotted  from  the  following  tables  ; 

Lemtr  Boundary — 

—  _  ox>     o'os  o-io  0*15  o*ao  o'a;  0-30      c 

^  =  00     ot>59  <«)85  oMoi  0*109  0-II3  o'lii     < 

^  =  o'4o   o'4S  0*50  o*S5  omSo  0-65  o'to 

i  1=  o-og? 0*085  t"^!  o'054  0-035  o-oia  o^x>9 

Upptr  Boundary^ 

S-  -3"    -'■'■       ^  °''        **■"       ^•'^ 

^  =      0997    0963    0851     0-826    0-79S    0763 

g   -        0-4  0-5  0«  0-7 

tr  =      0714    o*68o    0-627     0^569 
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where  O,  is  the  depth  of  water  over  the  theoretical  weir  crest,  ai  observed  by 
Baiin's  methods ;  and  x,  xaAy,  represeat  the  co-ordinates  of  the  nappe  curves 
tefeiTcd  to  the  water  foce  of  the  dam  as  vertical  axis,  and  a  line  through  the 
top  comer  of  the  water  face  as  horixontal  axis. 

Thus,  it  will  be  plain  that  the  process  amounts  to  assuming  that  a  Baiin 
notch  exists  at  the  water  hce  of  the  dam,  and  making  the  downitieam  face 
conform  to  the  theoretical  nappa  curve.  Thus,  the  highest  point  la  the  Ham 
U  situated  o'ajD,  downstream  of  the  water  face,  and  is  0*1130,  above  the 
level  at  which  the  sill  of  the  theoretical  notch  is  assumed  to  lie. 

The  depth  of  moving  water  above  this  point  is  only  cfb^Yi^  but  it  is  assumed 
that  the  design  of  the  dam  secures  a  discharge  equal  to  that  calculated  for  a 
bead  D,  from  Bazin's  weir  foimulae  (see  p.  109). 

The  tables  suffice  to  determine  the  dam  face  for  a  distance  07D,  from  the 
water  face  of  the  dam. 

llie  mean  velocity  at  this  point  and  its  direction  can  be  calculated  from  the 
cross-section  of  the  nappe,  and  the  direction  of  the  tangent  to  the  dam  face. 

It  may  be  assumed  that  the  curve  of  the  dam  face  should  be  continued  so 
as  to  confbim  to  the  path  of  a  particle  falling  under  gravity,  with  an  initial 
velocity  equal  in  magnitude  and  direction  to  the  calculated  mean  velocity. 

Mtiller  thus  finds  that  the  equation  : 

fiurly  represents  the  lower  portion  of  the  dam  face,  when  referred  to  horizontal 
and  vertical  axes  through  A,  the  highest  point  of  the  dam. 

Miiller  continues  this  carve  until  the  tail  of  the  dam  is  reached  (see  Sketch 
No.  115),  but  an  extension  much  beyond  2D,  or  3D,  below  the  crest  seems 
onnecessary. 

The  real  abjection  to  die  process  seems  to  lie  in  the  fact  that  D,  is  assimied 
to  be  constant  and  is  actually  variable.  For  instance,  let  us  assume  that 
D-as  feet.  No  discharge  occurs  imtil  the  water  surface  in  the  reservoir  is 
at  least  0*56  foot  above  the  level  from  which  D,  is  measured.  A  certain  small 
dischaige  then  occurs,  but  it  can  hardly  be  assumed  that  Sarin's  formula  is 
api^cable  until  the  water  has  risen  some  i*;  to  2  feet  higher.  Thus,  the  dam 
is  really  only  discharging  water  properly  when  the  water  sur&ce  is  2  feet  or 
more  above  the  level  from  which  D,  is  measured,  and  in  the  earlier  stages 
it  may  be  doabted  (see  Horton's  Weir  Exp*nmenU,  pages  106  et  ttq.) 
whether  it  is  safe  to  assume  any  greater  discharge  than  that  given  by  die 
equation : 

Q=3-3oL(D-o-s6)L» 
until  D,  is  2-5  or  3  feet. 

Thus,  the  conditions  assumed  but  rarely  occur  in  practice,  unless  the 
water  level  is  systematically  kept  well  above  the  crest  of  the  dam  by  flash 
boards,  or  shutters. 

EioMcardi.—Tbe  use  of  flashboards,  or  temporary  retaining  walls,  in 
order  to  Uock  the  waste  weirs  of  dams  is  more  common  in  India  or  America 
than  in  Europe.  From  this  it  cannot  be  inferred  that  the  practice  is  a  bad 
t»e.  Absence  of  flashboards  in  European  countries  is  mainly  attributable  (o 
the  &ct  that  the  climates  are  usually  too  changeable  and  erratic  to  enable  a 
flood  to  be  predicted  tuSidentty  in  advance  to  ensure  afosotote  certainty  in  dw 
removal  of  ^e  flashboards. 
a6 
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The  difficulty  of  removing  die  fluhboards  is  to  a  large  extent  overcome  by 
adopting  the  following  designs. 

(a)  Tlie  flashboards  are  supported  by  iron  pins,  sunk  into  holes  on  the  weir 
crest  The  pins  are  calculated  so  as  to  bend  when  the  flashboiuxls  are 
materially  overtopped. 

The  following  analysis,  is  due  to  Miiller  {Engineering  Record,  Aagusi  22, 
190S): 

Let  the  pins  be  d,  indies  in  diameter,  and  spaced  s,  feet  apart. 

Let  h,  be  the  height  of  a  flashboard,  and  x,  the  height  of  the  water  over 
the  weir  crest  when  the  pins  are  required  to  bend,  both  in  feet. 

The  bending  moment  on  a  pin  is  : 

i2SjA*{3^i+A)      .        ■  [inch-lbfc] 

The  moment  of  resistance  of  the  pin  is  <yoc/ifd',  where/,  is  the  stress 
which  produces  bending.    This  MUller  gives  as  70,000  lbs.  per  square  inch. 

Thus:  i2SA'j(5»r,+A>=686orf* 


Also  the  pins  should  not  be  unduly  strained  when  fhe  water  level  reaches 
the  top  of  the  flashboards.  Thus,  taking  a  (high)  working  stress  of  25,000  lbs. 
per  square  inch,  we  find,  that : 

rf=  Vl*      .        .        .        :  .     .   .     [d^iaincbtt] 

{b)  Sketch  No.  229shows  the  flashboards  used  at  Tajewala  to  control  abranch 
of  tbe  river  Jumna.  Here,  it  will  be  plain  (hat  the  boards  will  £ill  as  soon  as 
the  water  rises  to  3  inches  below  their  top.  In  jxactice  it  is  found  that  small 
gravel  and  horse  dung  (used  for  dusting  tiie  boards  in  order  to  render  them 
water-tight),  accumulates  M  the  bottom  of  the  bOM^s,  and,  in  consequence,  the 
falling  is  somewhat  irregular.  No  board  ever  stood  with  much  more  than 
6  inches  of  water  above  its  top.  The  proportion  of  boards  that. fell  according 
to  design  was  quite  sufficient  10  remove  all  apprehension  as  to  the  failure  of  Ibe 
system,  and  in  actual  tests  a  man  was  able  rapidly  and  easily  to  throw  down 
the  boards  when  nearly  overtopped. 

The  system  is  reliable,  provided  that  a  variation  of  3  inches  above  the 
designed  level  of  falling  can  be  permitted.  It  is  probable  that  the  iron  pin 
flashboards  will  fluctuate  to  an  equal  extent.  This  is  not  a  defect,  as  a  flash- 
board  system  that  was  considered  automatic  in  its  action  would  never  receive 
sufficient  inspection,  and  consequently,  sooner  or  later,  would  fait  and  canse  a 
bad  disaster.  A  less  reliable  system  which  would  necessarily  be  carefidly 
patched  would  probably  be  assisted  in  its  &11  at  the  critical  moment. 

The  Tajewala  system  appears  to  be  better  ajlapted  than  Miiller^  lype  for 
reterection  before  the  water  has  ceased  flowing  over  the  weir. 

For  more  elaborate  methods  the  sections  on  Shutters  and  Gates  sboohj  - 
be  consulted. 


Digitized  by  Google 


ARCH  DAMS  403 

SYMBOLS  CONNECTED  WITH  CURVED  DAMS, 
a,  is  [he  veitiol  height,  in  feet,  of  the  horizontal  tuches  bto  which  the  dam  ii  divided 

for  purposes  of  calculation. 
Ah,  is  the  area  of  the  cioss.-section  of  any  one  of  these  aiches.     A.,=i><h  approx. 

D,  (see  p.  40SJ. 

d,  is  always  used  for  the  ^n  of  differcntiation. 

E,  is  the  nodnlus   of  elasticity  of  the   masonry,  in   toiu  pet  square   foot,  i»ob«bly 

E=  100,000  to  130,000,  but  a  knowlet^  of  the  precise  vahie  is  unneeesaaiy. 
I , is  the  moment  of  inatia  of  the  set^ion  of  the  dam,  about  a  horUtmtal  axis  tbiousti  ill 

mass  centre  in  (Icet)*. 
L  (see  p.  406). 

M,  is  a  bending  moment  (»ee  p.  406)  e^qiressed  in  feet-tons. 
m,  and  n,  are  used  as  numbers  to  indicate  the  various  sectiaos.typfied.by  A. 
P,  is  the  pressure  In  tons  per  squsie  foot ;  but  P.*,  or  P,  with  a  suffix  is  the  total  water 

pressure,  in  tons,  on  the  water  &ice  of  the  area,  A^. 
y,  and  r  (see  pp.  406  and  407). 
ri,  and  r^,,  are  the  radii  of  the  dam,  in  feet,  measured  to  the  dowTistream  and  upstream 

B,  b  the  radios  measured  to  the  mass  centre  of  the  section  of  the  dam,  but  Wade 

(seep.404)putsH=r-,p 
S,  ia  ihe  working  compressiTB  stress  of  the  masonry  in  tons  pra  square  toot. 
S),  and  AS  (see  pp.  404  end  4&5). 
/,  is  the  horiumtal  thickness  of  the  dam,  in  feet. 

X«;  is  the  portioQ  of  Pn,  Which  is  carried  by  the  dan  as  a  gmvity  dam. 
o  (see  p.  406). 
ft  7.  A  (see  p.  407). 
/I,  is  the  reciprocal  of  Poisson's  ratio  (see  p.  405). 

.    .,      ,      ..      ,.,  Weight  ofa  cube  foot  in  lbs. 

p,  IS  the  density  of  Ihe  masonry  =  ^ — === j—^ 

SUMMARY  OF  FORMULA.. 


[Tons] 


Conection  for  thickness  of  the  dam : 

Si-^tSt, rr.«.] 

Correction  for  slope  of  the  faces  in  Wade's  type  (see  p.  405) : 

The  deflection  fbrmuke  are  not  summarised. 

Theory  or  Curved  Dams.— [In  thU  section  the  loads  ue  exproMod 
in  TonfcJ— I  propose  to  briefly  investigrate  the  theory  of  dams  which  are 
so  markedly  curved  in  plan,  and  are  so  well  supported  by  the  sides  of  the 
valley  which  they  cross,  that  they  may  be  considered  as  acting  partly  as 
arches. 

Such  dams  are  usually  calculated  as  arches  only,  and  the  following  very 
simple  formula  is  used  : 

'-™.- CT«»J 
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Where  /,  is  the  thickness  at  any  level,  in  feet. 
R,  is  ihe  radius  in  feet. 

P,  is  the  water  pressure  at  that  level,  in  tons  per  square  foot. 
S,  is  the  permissible  compressive  stress  in  tons  per  square  foot 
Plainly  P  =  P^f^  '"  fc^t  below  top  water  level 

The  section  of  a  dam  designed  by  this  fonnula  is  plainly  triangalar. 

The  best  practical  i^scussion  of  thia  type  of  dam  is  given  by  Wade  {PJ.CM^ 
vol.  178,  p.  1),  and  is  founded  on  his  experience  of  thirteen  such  dams.  Wade 
adopts  a  section  with  a  vertical  upstream  f^e,  and  battered  downstream  face 
(Sketch  No.  116,  Fig.  i) ;  as,aftertrial,this  has  been  found  to  be  more  satisfactory 
than  sections  with  both  faces  battered,  or  with  a  vertical  downstrcain  face. 
The  top  width  is  always  made  3  feet  6  inches,  in  place  of  zero,  as  indicated  by 
the  fonnula.  Water  2  feet  deep  has  passed  over  dams  of  this  width  without 
causing  damage. 

The  values  of  S,  depend  on  the  rock  used  in  the  dam,  and  on  the  character 
of  the  foundations.  For  quartzite  and  sandstone,  S,  ranges  from  10  to  12,  or 
even  15  tons  per  square  foot.  For  conglomerate,  altered  slate,  or  granite, 
S,  is  equal  to  30  tons  per  square  foot ;  and  for  special  granite  and  diorite  S, 
is  equal  to  24  or  25  tons  per  square  foot,  although  this  last  value  is  not  at 
present  employed  by  Wade. 

The  dams  are  made  of  Portland  cement  concrete,  in  the  proportion  of 
I  :  2| :  5,  with  large  plums  of  rock  inserted  ;  usually  from  2J  to  30  per.  cent,  of 
the  volume  of  the  dam  being  plums. 

The  concrete  being  laid  verydry,  these  plums  are  laid  in  mortar  and  "wii^led" 
into  the  mass  by  handspikes,  in  place  of  the  usual  ramming  with  mauls. 

The  value  of  S,  is  determined  by  allowing  a  factor  of  safety  of  5,  on  the 
crushing  tests  of  unsupported  6-inch  cubes  of  the  concrete  ;  and  this  probably 
gives  7\  on  the  crushing  stress  of  a  large  mass  of  similar  concrete. 

R,  is  measured  to  the  vertical  &ce  of  the  wall,  which  increases  the  foctor 
of  safety. 

When  a  dam  is  designed  by  these  rules,  it  is  found  that  when  S  ^  20  tons 
per  square  foot,  and  R,  is  500  feet,  the  section  obtained  is  practically  as  targe 
as  that  of  a  similar  dam  designed  so  as  to  resist  the  water  pressure  by  gravity 

Thus  bearing  in  mind  the  extra  length  entuled  by  a  cmved  pdan,  no 
advantage  is  gained  unless  the  radius  is  somewhat  less  than  500  feet. 

The  maximum  radius  of  any  curved  dam  yet  constniaed  by  Wade  is 
300  feet 

The  most  economical  curve  for  a  given  span  of  the  dam  is  one  with  a 
central  angle  of  about  100  degrees. 

The  formula  is  theoretically  correct  only  for  a  dam  battered  on  both  fiices, 
and  may  be  corrected  as  follows,  where  : 

r.,  is  the  radius  to  the  upstream  face. 
rs,  is  the  radius  to  the  downstream  face, 
(tf)  Correction  for  thickness  of  the  dam  : 

Si  =  S      ■'—where  S,  is  the  stress  obtained  by  the  original  formula. 
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ifi)  Correctiaii  for  vertical  preisuies  due  to  the  weight  of  the  dam.  The 
above  value  is  increased  by  AS|  where : 

For  a  vertical  downstream  face,  and  a  battered  upsiceam  face  (Sketch  No. 
116,  Fig.  2): 

For  Wade's  type  (vertical  upstream,  battered  downstream).  Fig.  1  : 
v^ere  — ,  is  Poisson's  ratio,  and  is  axb  to  0'22  for  concrete,  i.e.  in  the  oaean  say 


^ = 5,  see  Bellet  {Barrages  sn  Maqormerii). 

These  corrections  are  incomplete,  but  may  be  used  in  order  to  obtain  a 
preliminary  section  for  treatment  by  the  more  complete  method  now  developed. 
This  will  be  applied  in  an  approximate  manner  so  as  to  illustrate  the  method  of 
testing  a  preliminary  design. 


Skktch  No.  116.— Curved  Dams. 

The  principles  are  complete ;  and,  after  a  dam  has  been  proportioned  by 
the  present  theory,  it  is  quite  possible  to  select  more  accurate  formulae  for 
determining  the  arch  deflections,  and  more  closely  spaced  horizontal  sections 
for  determining  the  cantilever  deflections. 

The  theory  is  simple.  Assume  that  the  dam  at  its  highest  point  is  com- 
posed of  m  (say  5,  or  10)  boriionlal  arches,  each  a,  feet  high,  so  that  the 
total  height  of  die  dam  is  ma.  Let  the  total  water  pressure  over  one  of  these, 
the  centre  of  which  is  (jk— »+i)a,  above  the  base  of  the  dam,  be  ?„,  per  foot 
length  of  the  arch.  Calculate  D„  the  deflection  in  this  arch,  which  is  of  known 
radius,  and  length  (measured  from  the  plan  of  die  dam)  under  a  uniform  radial 
load  Ps— Xn.    This  gives  us  an  equation  as  follows  r 


D, 


.<P- 


-  X,)R.L, 
'2EA,' 


Where  Rn,  is  the  radius  of  curvature  of  the  dam,  at  the  level  considered, 
measured  to  Ibe  upstream  side. 
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Lm  is  the  length  of  the  centre  line  of  the  arch  ring,  and  varies  for  each  arch 
according  to  the  cross-section  of  the  gorge  across  which  the  dam  is  built. 
On,  is  (uie-quarter  of  the  angle  the  arch  subtends  at  the  centre  from  which 
Rm  is  measured : 

L. 
-■'^  =  4^ 
A,»  is  the  area  of  the  arch  ring. 

An  is  best  calculated  for  the  preliminary  work  either  from  the  corrected 
formulae  already  given,  or  by  a  consideration  of  the  shear  produced  at  the 
abutments  of  the  arch  by  the  resulunt  of  the  radial  forces  P„  acting  over  its 
whole  length  L,^ 

Now,  consider  a  vertical  section  of  the  dam,  at  its  highest  point,  under  the 
action  of  a  series  of  m,  concentrated  leads,  Xj,  X„  .  ,  .  X„,  acting  at 
distances  ma,  {m—  i)a,    .    .    ,    a,  from  the  base  of  the  dam. 

Taking  the  beam  thus  obtained  as  i  foot  wide,  we  have  as  an  equation  for 
the  deflection  tmder  these  loads  ; 

d*y      M 

where  M,  is  the  bending  moment  of  these  concentrated  loads  at  any  point,  the 
co-ordinate  of  which  is  x ;  and  1,  is  the  moment  of  inertia  of  the  seaion  at  this 
point,  or  I = — ,  where  /,  is  the  thickness  of  the  dam,  which  can  be  scaled  from  the 
drawing. 

The  section  of  the  dam  is  assumed  to  be  made  up  of  a  series  of  trapezoids, 
and  the  angles  in  the  faces  of  the  dam  occur  at  the  points  of  application  of  dw 
forces  Km,  X,_j,  etc.  Xi,  as  shown  in  Sketch  No.  ii6,  Fig.  3. 

Consider  any  horizontal  section  in  the  lowest  trapezoid  ABCD.  Let  x,  be 
measured  firom  0,  the  point  of  intersection  of  AB,  and  CD  produced.  Let  the 
vertical  distance  of  O,  from  the  base  of  the  dam  be  ra. 

Then, /=i,^,  and: 
M  =  XJx -  «i+a)  +  X„_ iCr  -  ra  +  M)  +  etc  +  Xi(*  -ra-¥ma) 
Therefore    ?*!-- ^  =  jX_.,  f  i -t^«) 

■.»g„«ng,   ^f  =SX.,.,(-]+^.)+C 

Now,    ^=0,  whenjr=«i. 

Therefore,    C  =  SX.r.,^i^^ 

Integrating  again,    ^~y  =  £X,_^,  (  -tog,i'-^«)+Cr+Ci 

and^=o,  when  x=ra. 
Therefore,  C,  =  -raC  +  2X«.n„(log,ra+^'') 

Thus,  by  putting  x  =  r-m,  we  can  calculate  4,^  the  beam  deflection  at  the 
point  of  application  of  X„,  and  tan  A„  the  tangent  of  the  angle  of  inclination  of 
the  central  line  of  the  beam  at  this  point 
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Plainly    A»>-vaIue  oiy,  when  *=(r-  i)a, 

and  tan  |Sn=va]ue  ^ -j-i  when  ^=(f-— i)a. 

Next,  consider  any  horizontal  section  in  the  second  trapeioid  BDEF. 
Take  O',  the  point  of  intersection  of  the  lines  BF,  and  DE,  as  the  new  origin 
iaix. 

We  have: /=**,,jr,  where  ^.^i  is  the  new  value  of  i.,  and 

M=X«-i(x-y-i,t)  +  etc.+X,(jr-^-«+[ii)  where  qa,  is  the  vertical  height 
of  C,  above  BD,  and  X«,  no  longer  contributes  to  the  moment, 

These  equations  can  be  treated  in  precisely  the  same  manner,  the  conditions 
now  being  that  _f=o,  and-^=o,  when  J^=fa,  and  we  obtain,  by  calculating  the 

values  of  ^-jand^  when  ^=(?-i)ti,  8„_,  and  tan  y«_„  the  deflection  and  the 

angle  of  inclination  of  the  centre  line  of  the  dam  at  the  point  of  application  of 
Xn-i  relative  to  the  section  BD. 

Thus,  the  absolute  deflection  and  angle  of  inclination  measured  from  the 
foundation  are : 

'i»-i=A.+V.T+a  tanft,    and  tan  ft,_i<=tan  ft,+tan  >._i. 
SinSlarly  we  can  ca3culate ; 

i.i-t=i— i+A»-j+a  tan|8»_,    and  tan  A«-,=tanft»-,+un  y,-,. 

In  this  manner  all  tjie  deflections  ^  ....  A,  can  be  expressed  as  linear 
functions  of  X„  ....  X,. 

Now,  in  accordance  with  the  usual  methods  of  treating  statically  indeter- 
minate structures,  put : 

We  thus  obtun  m  linear  equations  connectiiig : 

X„  ....  Xi    and  P«  ....  P, 

Solving   these  equations,  we  obtain  X..  .  .  .  .  Xi,  in  terms  of  the  water 

pressures.  And  thus  the  dam  sustains  the  X  loads  as  a  gravity  dam,  and  the 
(P-X)  loads  as  an  arch. 

The  method  is  laborious,  and  could  be  improved  at:  the  cost  of  some  extra 
liability  to  error  by  assuming  the  points  of  application  of  Xn,  Xn-i,  etc.  as 

being  -,  ^,  etc.  above  the  base  of  the  dam,  and.the  changes  in  slope  of  the 
faces  as  occurring  at  ^  so,  etc 

1  may  refer  to  a  paper  by  Messrs.  Harrison  and  Woodward  on  the  Lake 
Cheesman  Dam  {Tram.  Am.  Soc.  of  CM.,  voL  53,  p.  8g),  for  two  very 
able  discussions  of  similar  methods  by  the  authors,  and  Mr.  Shirrefr  1  have 
comUned  the  two  methods,  as  I  felt  that  in  order  to  obtain  any  accuracy  in 
such  calculations  it  was  imperative  to  use  formula  which  are  comparatively 
simple,  and  are  logically  deduced.  If  theoretical  advantages  alone  are  con> 
■idovd,  a  really  skilled  computer  might  with  advantage  follow  Mr.  ShirrefTs 
method  entirely. 

Vischer  and  W^oner  {Trans,  of  Technical  Society  of  Pacific  Coast,  i8«8) 
have  endeavoured  to  investigate  the  question  in  a  general  fashion.    They  find 
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that  for  a  triangidar  dam  (top  width=o)  gpauning  a  gorge  with  vertical  sides 
(».«.  L»  constant): 

P-X_     Mr* 
P    ~R»+ir* 

where  Xy  is  the  height  above  ground  level. 

According  to  Duryca  («/  supra,  p.  i8o),  in  a  dam  ia6  feet  high,  with  R, 
averaging  i8o  feet,  and  L,  varying  from  300  feet  at  the  top,  to  25  feet  at  the 

bottom,  p  varies  from  084  at  the  top,  to  0-95  midway  down,  and  is  0-99  at  the 
bottom. 

In  the  Lake  Cheesmao  Dam,  which  is  very  dose  to  a  gravity  section : 

^=054  <y<fs  0-94  0-98  I'oo 
at  points  tS     A     A     A    A  *c  height  of  the  dam, 
and  the  radius  is  400  feet,  with  L,  varyii^  from  580  feet  downwaxds. 

The  object  of  the  above  theory  is  to  provide  a  method  that  will  permit  some 
result  not  too  wide  of  the  truth  being  obtained  for  preliminary  deaigns,  within 
a  reasonable  time.  This  having. been  done,  the  design  can  later  be  refined  on 
as  much  as  is  deemed  wise,  by  assuming  more  numerous  sections.  In  this 
connection  1  would  remark  that  the  real  assumptions  are  that  the  dam  is 
sliced  horizontally  when  the  arches  are  considered,  and  vertically  when  the 
cantilever  is  considered.  This  really  means  that  shear  is  partially  neglected 
in  each  case.  Thus,  we  may  assume  that  the  ratio  w^v  "  liable  (how- 
ever fiilly  this  theory  is  developed),  to  an  error  of  at  least  S  per  cent  of 
its  own   value   (more   probably   10    per    cent,    that    being    equal   to  about 

*mod"us"of  dasricity)"  Consequently,  refinements  of  greater  apparent 
accuracy  in  calculations  based  on  this  theory  need  expenmental  justification. 

I  believe  that  the  theory  is  fairly  accurate,  as  any  treatment  following  the 
ordinary  prindples  of  elasticity  seems  to  produce  approximately  the  same 
values  of  the  ratio  =■. 

As  an  actual  example,  it  may  be  stated  that  in  the  Bear  Valley  Dam  the 


(i)  As  a  pure  arch,  40  tons  per  square  foot, 
(ii)  By  the  above  mt^od,  with  5  loads,  33'j  tons  per  square  foot, 
(iii)  Ditto,  10  loads,  33-1  tons  per  square  foot. 

(iv)  By  correction  by  the  approximate  formula  already  given,  327  tons 

pet  square  fooL 

We  are  consequently  justified  in  assuming  that  the  actual  pressures  do  not 

materially  exceed  33  tons  per  square  foot,  and  that  the  shear  is  therefore  about 

36,000  lbs.  per  square  foot ;  which,  although  high,  need  not  necessarily  produce 

failure. 

It  is  perhaps  advisable  to  state  that  the  value  of  the  ratio  -=,  is  to  a  certain 
extent  under  the  control  tH  the  designer. 

Such  dams  as  Wade's,  which  are  primarily  designed  as  arches,  will  be 
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found  to  have  Gmall  values  of  ^.  Similatlyi  if  a  curved  dam  be  designed  as 
a  gravity  dais,  but  with  a  somewhat  higher  stress  than  usual.;  and  the  sectioa 
thns  obtained  is  then  investigated  as  above,  the  values  of  -=,  vill  be  found  to  be 


Sketch  No.  117.— Proposed  Domed  DamU  Ithaca. 
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Urge.  The  relative  increase  in  ■=,  as  we  proceed  towards  the  foundation  will 
be  found  to  occur  in  all  cases.  The  dome  shaped  arch  section  adopted  by 
Williwns  at  Ithaca,  N.Y.  {Trans.  Am.  Soc.  of  C.E.,  voL  53,  p.  i«i)  '» 
singularly  bold,  and  has  apparently  been  designed  so  as  to  keep  — ,  £uriy 

constant  all  over  the  dam.  Such  designs  seem  .to  be  well  adapted  for  clonng 
gorges  with  nearly  vertical  walls  of  firm  rock.  They  are,  however,  not  likely 
to  meet  with  the  approval  of  unskilled  engineers  ;  indeed,  the  design  has  not 
been  carried  out  in  its  entirety,  and  it  is  fairly  evident  that  the  real  reason  was 
that  the  Committee  which  investigated  its  safety,  although  capable  of  testing 
the  calculations,  did  not  fully  rely  on  the  results  obtained.  This,  1  consider 
creditable  conservative  practice,  but  in  the  light  of  Wade's  experience  there  is 
little  doubt  that  the  Ithaca  design  is  safe,  provided  that  the  precautions  against 
under-mining  at  the  base  of  the  dam  are  sufficient.  Personally,  1  would  con- 
sider these  insufficient  unless  the  rock  were  perfectly  flawless. 

Arch  and  Buttress  DAins.~-'The,%K  dams  are  composed  of  a  succession 
of  arched  dams,  bearing  against  piers  or  buttresses,  which  are  sufficiently  wide 
to  carry  the  stresses  produced  by  the  water  pressure  on  the  halves  of  the  two 
arches  which  abut  against  them. 

The  calculation  of  the  arches  may  be  effected  by  the  methods  already  given, 
and  the  buttresses  are  determined  by  the  rules  used  for  gravity  dams. 

It  is  slated  that  a  certain  economy  in  material  (when  compared  with  a  pure 
gravity  dam)  may  be  secured  by  the  adoption  of  this  type.  But  when  the  unit 
costs  of  cut  stone  masonry,  or  of  thin  concrete  with  complicated  shutterings, 
are  respectively  compared  with  those  of  rubble  masonry  or  mass  concretCi  it 
becomes  extremely  doubtful  whether  any  economy  in  the  total  cost  can  be 
secured  except  under  very  peculiar  circumstances. 

From  a  theoretical  point  of  view,  the  arch  iind  buttress  dam  combines  the 
disadvantages  of  both  types  of  dam.  The  stresses  in  the  arches  are  in- 
determinate >  to  the  same  degree  as  those  in  a  curved  dam.  All  the  objections 
raised  by  Atcherley  to  gravity  dams,  as  at  present  designed,  can  be  urged 
against  the  buttresses.  The  type  therefore  appears  unlikely  to  be  adopted,  and 
will  not  be  further  discussed. 

Reference  may  be  made  to  : 

(ff)  The  description  of  the  Meer  Aliun  Dam,  Hydrabad  (India),  in 
Engintering  News  of  the  iSth  June  1906. 

(^)  A  very  excellent  paper  by  Garrett,  "Theory  of  Arched  Masonry  Dams" 
{Govtmmtnt  of  India  Technical  Publications). 

Design  of  Reinforckd  Concrete  Dams- — Reinforced  concrete  dams 
are  as  yet  mainly  confined  to  America.  Possessed  of  many  theoretical 
advantages,  it  is  probable  that  the  few  failures  on  record  are  principally  due  to 
over  confidence  placed  in  the  principles  of  their  design,  and  insufficient  care 
given  to  workmanship  and  good  foundations. 

When  properly  constructed,  there  is  little  doubt  that,  as  a  type,  reinforced 
concrete  dams  are  by  far  the  most  satisfactory  Ibim  of  dam.  But  tt  is 
evidently  quite  useless  to  construct  a  dam  which  is  satisfactory  in  itself^  if  the 
foundations  are  insecure,  and  many  of  the  earlier  dams  possess  foundations 
evidently  designed  in  accordance  with  sound  rules  for  houses,  or  bridge  [»ers, 
but  which  are  quite  useless  when  applied  to  dams. 
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It  therefore  appears  that  success  will  be  attained  by  utilising  American 
experience  for  that  portion  of  the  dam  above  ground  level,  and  (like  the  newer 
American  designs)  following  the  methods  adopted  in  dams  of  other  types  as 
regards  design  of  foundations. 

Above  gTDund,  the  dam  consists  of  a  series  of  buttresses  of  triangidar 
aectioii,  carrying  a  flat  slab  of  reinforced  concrete  on  their  upper  face. 

The  dam  may  be  designed  as  an  overflow  dam,  or  may  be  provided  with  a 
separate  waste  weir,  as  circumstances  require. 

I  propose  to  consider  the  design  of  an  overflow  dam,  and  the  modificatkms 
necessary  when  there  is  a  separate  spillway  will  be  evident. 

Let  the  htMizontal  distance  between  the  centres  of  the  buttresses  be  /feat. 

Let  the  length  of  the  slope  of  the  upstream  face  of  the  dam  be  s  times 
its  height  Then,  at  any  depth  h,  below  the  high  flood  level  of  the  water 
passing  over  the  spillway  (which,  as  a  first  approximation,  we  can  assume  as 
5  feet  above  the  crest  of  the  dam),  the  pressure  per  square  foot  of  the  slab  fece 
is  62-sA  lbs. 

Thus,  the  bending  moment  per  foot  width  of  slab  at  the  centre  of  the  slab, 


^5^  foot-lbs.,  or  say  equal  to  ^. 

If  the  slab  is  continuous  over  several  buttresses,  theoretically  the  bending 
moments  in  each  span  vary  according  to  the  total  number  of  spans.  The 
variatioD  is  of  importance  only  when  there  are  less  than  seven  spans.  Owing 
to  the  fact  that  long  lengths  of  concrete  are  liable  to  crack  by  expansion,  it  is 
doubtful  whether  continuous  slabs  are  advisable.     If,  however,  the  slabs  are 


built  continuous  it  is  safe  to  provide  for  a  bending  moment  of  ~,  at  the  centre 
of  each  span,  producing  tensile  stresses  on  the  downstream  side  of  the  slab, 
and  a  bending  moment  of  — ,  at  each  support,  producing  compressive  stresses 

on  the  downstream  side.  For  the  two  end  slabs,  close  to  the  point  where  the 
dam  is  joined  with  the  hillside,  the  theoretical  bending  moments  largely  depend 
on  the  exact  manner  (freely  supported  or  built-in)  in  which  the  end  buttresses 
and  slabs  are  connected  to  the  hillside.  Id  good  construction  it  is  probable 
that  the  connection  is  so  complete  as  to  justify  the  assumption  that  the  slabs 
are  built  in,  but  it  is  safer  to  provide  for  —,  over  the  two  end  buttresses  and  -y, 
at  the  centre  of  each  of  the  two  end  slabs.  So  also,  theory  shows  that  the 
pressures  on  each  buttress  are  not  exactly  those  given  by  the  rules  for  non- 
continuous  beams,  being  roughly  roix62'5A/,  and  0*99x62*;^/,  alternately. 
Such  differences  are  negligible,  except  in  the  case  of  the  first  buttress  at 

each  end  of  the  dam,  where  |x6a'5A/  (exactly  1134  for  9  spans)  should  be 
provided  for  per  foot  width  of  the  slab. 

Many  theories  exist  concerning  the  proportions  of  reinforced  concrete 
beams  and  slabs. 

The  following  rules  are  principally  based  on  the  methods  adopted  by 
Marsh  {Reinforced  Cimertte).  Considerations  of  space  prevent  a  full  discussion 
of  the  matter,  and  a  design  obtained  by  these  rules  should  always  be  carefully 
checked  for  shearing  and  adhesion  stresses  before  being  finally  passed  as 
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correcL  In  my  own  practice,  however,  I  have  invariably  found  that  the  rules 
are  sufScient,  and  believe  that  in  hydraulic  work  generally  the  beams  and 
slabs  are  too  thick  (owing  to  the  necessity  for  preventing  percolation)  to  permit 
the  above  stresses  ever  becoming  unduly  intense.  Mareh's  treatise,  and  the 
Rtinftfrctd  Concrete  Pocket  Book,  by  Messrs,  Marsh  and  Dunn,  are,  however, 
indispensable,  and  even  in  preliminary  designs  their  tables  and  diagrams  save 
much  time  and  labour. 

Let  b,  represent  the  breadth  of  a  beam,  or  slab,  in  inches. 

Let  d  represent  the  depth  of  the  beam  or  slab  from  the  compressioD  face  to 
the  mass  centre  of  the  reinforcement  on  the  tension  side. 

Then,  if  M,  be  the  bending  moment  in  inch-pounds  which  the  beam  has  to 


M  =  fi&oobd*  (M  in  inch-pounds) 
M  =  nioid*  (M  in  foot'pounds)  . 


[Inctaea] 
[Inches] 

The  analogy  with  the  ordinary  formuls  for  timber  beams  is  obvions.  Jnst 
as  in  the  case  of  timber  beams  the  coefficient  of  bending  strengrth  depends  on 
the  species  of  timber,  so  in  reinforced  concrete  beams  the  coefficient  fi  depends 
on  the  ratio  of  the  area  of  steel  to  the  area  id,  the  effective  area  of  the  concrete. 

[No/e.—The  tensile  reinforcements  being  buried  from  i}  to  2  inches  in  the 
beam,  the  gross  area  of  the  concrete  is  at  least  id+ii)6  square  inches.] 

Put  «j  =  the  area  of  the  steel  reinforcement  which  is  on  die  tension  side  of 
the  beam. 

Put  Be  =  the  area  of  the  steel  reinforcement  which  is  on  the  c 
sideof  the  beam. 

Then  Marsh  and  Dunn  give  as  follows  ; 

VALUES  OF  fi. 


Mt  = 

id 

" 

0-3U, 

0-4-,      1 

0-6.-1 
0-16 

0-8-, 

.■*        ' 

0-005 

0 

14 

0-15 

0-15       i 

0-17 

0-I7 

0-0075 

0 

0-17 

o-t9 

0*20 

0-3I 

O'OIO 

0 

0-19 

0-2O       1 

0-33 

0-33 

0-34 

0-015 

0 

30 

0-33 

0-24       1 

o-i6 

o-»8 

0-30 

o-t>ao 

0 

32 

0-24. 

0-27        1 

0-30 

o-ja 

0-35 

0-025 

0 

a.l 

0-30        1 

033 

0-37 

040 

O'OJO 

** 

34 

0-28 

0-33 

0-36 

0-40 

0-4S 

The  required  cross-section  can  therefore  be  obtained  by  trial  and  error. 
The  original  diagrams  give  three  significant  figures,  and  enable  the  required 
section  to  be  selected  at  once. 

In  the  case  of  continuous  slabs  ui  denotes  : 

(a)  At  the  centre  of  a  slab,  the  steel  on  the  downstream  side. 
{6)  Over  a  support,  the  steel  on  the  water-feice  side. 
Accurate  testing  of  the  design  for  stresses  induced  by  shear  and  cohesion 
requires  tables,  or  lengthy  calculations.     In  preliminary  designs  let  F,  denote 
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th«  greatest  shear  in  pounds.  Th«n,  if  F,  be  less  than  5oJd^  the  design  is 
usnally  quite  safe,  and  can  certainly  be  rendered  absolutely  safe  by  inclining 
the  steel  rods,  or  turning  up  their  ends,  without  increaung  the  weight  of  steeL 
The  patented  methods  are  not  considered,  as  each  patentee  has  his  own 

In  the  case  of  the  slabs  facing  the  dam  we  have  to  consider  a  width  of  one 
foot.    Thtis,  b=  12,  and  M  =  5-  =  — ■^~-  foot-lbs.  per  foot  width. 

Thus,        ■■  ■^-  =  so;ixi2t<* MiBtache*] 

or,        ii*=— -        .        .        .   [^,  Inches]  for  a  non-continuous  slab. 

We  can  thus  determine  the  thickness  of  the  slabs  at  every  point. 

Now,  it  is  plain  that  percolation  must  be  carefully  guarded  against.  This 
is  easily  effected  in  a  n  on -continuous  slab,  as  all  the  reinforcement  lies  on  the 
downstream  face  of  the  slab.  In  a  continuous  slab,  however,  the  water  face  is 
in  tension  over  the  supports,  and  some  steel  must  be  placed  near  the  water 
fece.  Thus,  it  is  probable  that  the  extra  thickness  of  concrete  necessary  to 
piDtect  this  steel  from  action  by  water  will  counterbalance  any  decrease  in 
thickness,  or  percentage  of  sieel,  that  might  theoretically  be  obtained  by 
continuity. 

It  also  seems  probable  that  future  experience  will  show  that  a  layer  of 
waterproof  material  at,  or  near  to,  the  water  &ce  of  the  slabs  is  advisable, 
although,  so  far  as  I  am  aware,  no  such  construction  has  yet  been  adopted. 

We  can  now  proceed  to  proportion  the  buttresses.  Theoretically,  the 
work  is  carried  out  just  as  for  a  soKd  dam,  the  buttresses  having  to  support 
water  pressures  indicated  by  6T$hlt,  lbs.  at  each  foot  of  height,  and  their  own 
weight. 

In  actual  practice,  the  dam  Ib  not  nstially  founded  on  hard  rock,  and  its  base 
is  therefore  about  one  and  a  half  timesito  twice  its  height.  In  such  cases  tension 
in  the  buttresses  does  not  occur,  as  can  be  seen  by  merely  inspecting  the 
annexed  sketch  (No.  1 18). 

It  will  be  found  by  actual  trial  that  the  easiest  method  of  design  is  to 
proportion  the  buttresses  so  as  to  produce  a  safe  intensity  of  pressure  on  the 
foundation,  and  to  make  them  of  triangular  section  from  this  level  upwards. 
It  will  then  be  found  that  such  buttresses  are  of  ample  strength  when  tested  on 
any  other  section  ;  and,  as  a  matter  of  fact,  in  actual  dams,  passage  ways  and 
arched  openings  are  frequently  made  in  the  buttresses,  cither  to  save  material 
or  to  provide  a  means  of  communication  along  the  dam. 

Let  us  therefore  assume  the  following  : 

The  thickness  of  a  buttress  at  its  top  is  /,  feet  (usually  about  08  to  i  foot). 
At  the  base,  or  at  the  level  at  which  it  is  proposed  to  investigate  the  stresses, 
let  the  thickness  be  represented  by  d,  feet. 

Let  H|,  be  the  height,  and  Lt,  the  base  length  of  a  buttress  ;  each  measured 
at  the  level  where  the  stresses  are  to  be  investigated 

Then  its  thickness  at  any  height  x,  above  this  level,  is  refwesentad  by 


d-{d-l. 


W. 
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Thus,  the  volume  of  a  buttress  is  : 

LiH|  arf+f 
2  3 

and  its  centre  of  gravity  lies  in  the  median  line  of  the  buttress  at  a  height : 

So  also,  the  volume  of  the  upstream  slab  is  represented  by  : 
/iw(A+rfi) 


where  /„  and  </„  are  top  and  bottom  thickness  of  the  slab,  and  /|,  is  the 
distance  between  [he  nearer  &ces  6i  two  adjacent  buttresses,  and  M=H,f  is 


Sketch  No.  itS.— Diagram  of  Forces  acting  on  a  Reiofoiced  Coactete  Dun. 


— .    }  ,}    from  the  bottom,  measured  along  the  slope  of  the  slab. 

It  is  plain  that  the  variation  in  /,  (  =  /— /  at  top  of  dam,  and  l~d,  at  the 
bottom  of  the  dam)  has  been  neglected.  In  preliminary  calculations  the  error 
is  inappreciable.     If  it  is  desired  to  use  the  accurate  formulfe  they  are : 

Volume  of  slab ; 


«{c/-rfy, 


(/-rf)(rf,-fi)-rft(^-f)  _  (rfi-/i)(rf-f)i 


•(/-rfVi  _  (/-^(rf,-/.)-rf,(rf-t)  _  (rf,-f,)(rf-/)- 


(l-j,(j^-l)-j^(j_/)    M-/.Wfl 


■'■  We  have  also  the  top  of  Oxe  dam  to  consider ;  the  tfaickness  of  this  depends 
on  whether  we  use  it  as  a  bridge,  or  fix  flashboards  on  it,  or  merely  shape  it  as 
a  parabola  to  secure]the  best  dischargef 
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In  thib  pulicuk^  case,  I  take  it  as  4/,,  cube  feet,  i>.  3  feet  x  i  foot  4  inches, 
in  section,  and  assume  that  the  mass  centre  is  immediately  over  the  apex  of 
the  buttress. 

Tbe  dvwnatreain  &ce  of  tbe  dam  is  (in  a  sfnllway  type  at  any  rate)  covered 
,wkb  slabs.  The  thicluiesa  of  these  cannot  be  deteimined  by  any -ordinary  rule^ 
If  we  Tegard  Uie  depth  of  water  flowinfc  over  the  dam  as  the  determining  factor, 
we  find  a  pressure  of  at  most  312  lbs.  per  square  foot,  assuming  a  depth  over 
'the  dam  of  5  feet  and  taking  no  account  of  the  velocity  of  the  flowing  water, 
which  would  tend  to  diminish  the  [measure. 

As  a  matter  of  practice,  we  ^nd  in  spillway  dams,  that  such  damage  as 
occurs  is  apparently  due  to  a  partial  vacuum  induced  by  the  flowing  water  \  and 
the  form  of  crest  that  theoretically,  at  any  rate,  prevents  the  formation  of  this 
vacwun  is  discussed  on  page  400. 

Ib  a  hollow  dam,  such  as  we  are  now  considering,  it  is  plain  that  a  few 
holes  in  tbe  slabs,  should  pnn'eTit  any  vacuum.  I  find  that  the  best  practice 
in  America  ntually  makes  the  thickness  of  the  slabs  about  two-tbirds  t-i-,  say 
II  inches. 

The  volume  is  plainly  -  —  In,  where  n,  is  the  length  of  the  downstream  face, 
and  tbe  mass  centre  lies  in  the  middle  of  the  length  of  the  slab. 

We  have  thus  'estimated  all  the  weights,  and  can  combine  them  into  one 
resuhant,  which  is  best  done  graphically,  as  shown  in  the  sketch. 

We  have  now  to  estimate  the  water  pressure.  This  is  as  shown  by  the 
trapezoidal  stress  diagram.  Its  magnitude  in  the  present  units,  t'./.  the  weight 
of  I  cube  foot  of  reinforced  concrete  is  : 

Im  H,+a*, 


where  h^,  is  the  overflow  depth  ;  and  for  a  lirst  approximation  we  can  take  p=i. 
Its  line  of  action  is  normal  to  the  upstream  slab,  and  cuts  it  at  a  distance  : 

—  X  ..I    f">ni  the  base,  measured  along  the  slab, 

3      Hi  +  Mi 

Sketch  No.  1 18,  which  is  purely  diagrammatic,  and  does  not  indicate  good 
proportions,  shows  a  case  : 

L|-4Sfeet        Hi*- 30  feet        A, -5  feet        /■=!  foot        rf™  2  feet 
/=i5  feet  /i  =0-5  foot      *fi=rs  foot    «(=36-ofeet  ««  3o'S  feet 

afA  the  forces  expressed  in  units  of  125  lbs. = weight  of  i  cube  foot  of  concrete, 
as  ascert^ned  and  laid  off  from  the  above  formulK, 

The  total  vertical  pressure  produced  by  llie  weights  and  water  pressures  is 
4451 .  units=  $56,000  lbs.  Allowing  for  the  eccentricity  of  the  resultant  the 
maximum  pressure  is, 

2x6i8o/^^iHlS_,  \_j,^22  lbs.  per  square  fool, 
and  the  minimum  pressure  is  : 

2x6i8o(3-3X-^*W4738  lbs.  per  square  foot. 
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These  arc  pTCMures  of  a  magnitude  such  that  they  can  be  resitted  by  even 
the  weakest  rock. 

The  total  horizontal  shear  produced  by  the  water  pressure  is  3945  units,  or 
493,000  lbs.  Thus,  the  average  shear  is  5480  lbs.  per  square  foot,  which  is  a 
greater  intensity  than  most  of  the  weaker  rocks  can  be  expected  to  sustun, 
especially  if  fissured.  Thus,  as  already  indicated,  tbc  foundations  of  a  lein- 
forced  concrete  dam  form  its  weak  point 

The  work  now  proceeds  exactly  as  for  a  masonry  dam,  and  the  pressnvs  and 
shears  can  be  laid  down  as  in  the  example  worked  out 

It  should  also  be  noted  that  the  section  of  the  dam  should  be  tested  at  ssveial 
points  above  the  base. 

In  American  practice,  tensions  are  permitted  in  the  'upper  portions  of  the 
buttresses.  In  view  of  the  fact  that  we  are  dealing  with  reinforced  concrete 
this  appears  allowable,  and  if  the  experimental  results  found  by  Wilson  and 
Gore,  and  otheis,  for  solid  masonry  dams,  are  considered  as  applying'  to  dte 
buttressed  type,  it  is  advisable  to  reinforce  the  buttress  ttear  the  an^  A.  No 
rules  can  be  given  for  this  reinforcement 

Similarly,  white  the  horizontal  slab  reinforcement  is  easily  calculated  from  the 
stresses,  some  vertical  reinforcement  is  needed  in  the  face  slabs.  So  far  as  can 
be  judged  experimentally,  temperature  cracks  are  possible,  imless  the  area  of 
steel  in  the  vertical  reinforcing  bars  exceeds  0*3  per  cent  of  the  area  of  the 
concrete  in  the  slabs.  No  dam  that  1  am  aware  of  has  so  large  a  percen- 
tage of  vertical  reinforcement,  but  it  must  be  remembered  that  reinforced 
concrete  dams  are  new,  and  few  of  the  older  examples  greatly  exceed  30  to 
40  feet  in  height.  If  a  smaller  percentage  of  reinforcnneat  be  adopted,  the 
designer  can  at  anyrate  console  himself  with  the  consideration  that  such  cradcs 
as  do  occur  can  be  repaired  without  necessarily  causing  a  disaster. 

I  also  notice  that  some  dams  are  so  proportioned  as  to  be  in  tenuon,  not 
only  in  the  upper  portions  of  the  buttresses,  but  also  at  the  base.  This,  I 
consider,  is  a  departure  from  good  practice,  and  I  believe  that  such  dams  are 

Foundations.— T\x  design  of  foundations  depends  on  the  character  of  the 
material  on  which  the  dam  rests. 

In  really  solid  rock,  a  shallow  seepage  trench  is  perhaps  all  thalf  s^necessaiy ; 
bnt,  in  gravel,  or  fissured  rock,  it  appears  to  me  that  the  only  safe  rule  is  to 
follow  the  practice  evolved  for  earth  dams.  We  have  one  great  advant^e, — 
our  impermeable  wall  being  of  concrete,  cannot  be  injured  by  burrowing 
animals,  and  we  can  therefore  put  it  right  in  front  of  the  dam. 

I  prefer  the  following  design  : 

A  concrete  core  wall  carried  down  either  to  an  impermeable  stratum,  or  to 
such  depth  as  investigation  of  the  material,  conducted  on  the^lines  disctisscd 
under  earth  dams,  shows  to  be  necessary.  Behind  the  core  wall  is  a  small 
stone  drain,  as  discussed  under  earth  d^s,  which  should  be  connected  with 
one  or  more  vent  pipes. 

The  whole  floor  of  the  dam  is  covered  with  a  layer  of  concrete,  the  thickiMss 
of  which  need  only  be  4  inches  for  good  foundations,  and,  in  the  case)  of  had 
soil,  may  be  reinforced  so  as  to  spread  the  pressure  of  the  buttresses,  if  any 
doubt  «Kists  as  to  their  foundations  being  of  sufficient  width. 

At  the  tail  of  the  dam  is  another  core  wall,  the  depth  of  which  is  fixed  by 
the  SCOUT  produced  below  the  dam  by  the  overflowing  water.    The  a 
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Falls,  and  Weiis  mar  ^  consalted  when  detcnnming:  the  sit«  and  tiiickncM 
ofdiistailmU. 

It  iBKf  aba  be  pointed  <Mf  that  lines  of  iteel,  or  casl-iron  sheet  piling,  suy 
be  sabatkttted  for  the  core  »ail  or  walk,  but  such  wortc,  anlesc  euefiiUy  esecoted, 
is  liable  M  prove  fiiuby :  and  1  doubt  wketber  it  will  be  as  satia&ctory  even  from 
the  peint  of  view  of  c«st ;  since  each  core  wait  sbetdd  probably  be  reptaced  by 
a  double  line  of  pHe». 

Some  duns  exist  which  depend  on  several  shallow  core  walls  in  place  erf 
two  deep  ones.  Pei'sonally,  I  doubf  whether  such  ftnmdations  are  trwtw^xthy, 
but  they  appear  to  be  satisfactory  for  heads  up  to  30  or  40  feet. 

Id  such  caies,  a  very  wide  fbmidation  similar  to  that  of  an  Indan  weir  is 
necessary.  Ii  therefore  seems  doubtful  whether  expense  is  saved,  more  especi- 
ally as  in  any  soil  fit  for  a  dam  foundation  it  is  usually  possible  to  sink  a  deep 
irencb  and  fill  in  with  concrete. 


_ -  '^Q!^- 

ea^tsxs  ntfaiiaei  *B  Mis. 
Skktcr  No.  1 19.— Dedgn  for  a  Reinforced  Concrete  Dam. 


Earth  Pressures  on  Retaininq  WAiii,— The  pressure  of  earth  or 
similar  materials,  differs  from  that  of  water  in  one  very  marked  respect.  The 
pressure  is  not  necessarily  normal  to  the  surface  across  which  it  acts.  If  this 
were  the  only  ditTerence,  it  would  not  be  difficult  ta  obtain  an  accnrat^  theocy, 
but  all  e«nby  substances  alaa  passesa  a  certain  anunuH  of  ciAeaion^  and  thne- 
fcic  neith«E  the  mag^ude  nor  the  direction  of  the  preasure  at  any  giveu  point 
can  be  calculated.  Dry  sand  nay  tw  considered  as  possessing  very  little,  and 
haid  clay,  or  earth  cammed  in  horimntal  layeiSi  a  great  deal  1^  cohesion. 
Since  the  effect  af  cohesion  depends  very  largely  mi  the  state  of  the  earth,  aad 
probably  varies  greatly  from  time  to  time,  in  the  same  piece  of  eartbt-and  oaa 
cettaioly  be  ccmaiderably  affected  by  the  manner  in  which  the  earth  is  tfoated, 
it  seems  useless  to  endeavour  to  define  it  exactly, — and,  consequentlyr  no 
matbeRiatical  method  of  estimating  its  effects  exists. 

The  method  now  put  forward  neglects  the  afiect  of  cobes)<m.  eatijely,MiA 
therefore  coandors  earth  a&  differiBf  from  water  <Mly  by  .the  existence  of 
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oblique  pressures.  Thus,  the  theory  is  extremely  defective,  but  it  errs  on  tbe 
side  of  safety,  and  walls  which,  when  treated  by  this  theory  are  only  jost  stable, 
may  be  assumed  to  actually  possess  a  factor  of  safety  which  varies  from  y  b 
the  case  of  artificially  dried  sand  (which  possesses  no  cohesioD)  to  5,  01  more, 
in  the  case  of  hard  clay  not  exposed  to  the  weather,  where  the  cohesion  is  so 
great  that  the  pressures  might  be  entirely  neglected.  The  tfaeoiy  is  believed 
to  be  applicable  only  to  eardi  that  has  been  disturbed  ;  and  at  great  depths  in 
undisturbed  earth,  such  as  must  be  considered  when  designing  timbering  of 
deep  trenches,  it  is  absolutely  misleading,  and  as  a  rule  greatly  nver-e 
the  pressure. 

In  practice,  the  rules  obtained  by  following  this  theory  leadi,  in  « 


Sketch  Na  ISO.— Earth  Pressures  on  RetainiDg  Walls. 


cases,  to  retaining  walls  of  safe,  but  not  unduly  extravagant  sections,  and  may 
therefore  be  considered  as  guides  for  design.  It  must,  however,  be  remembered 
that  the  theory  assumes  a  state  of  things  which  we  know  but  rarely  occurs,  and 
which,  when  it  does  occur,  usually  causes  the  wall  to  crack. 

As  in  Sketch  No,  izo,  let  C A,  be  the  inner  face  of  the  wall,  uid  HCSbetbe 
angle  of  repose  of  the  earth,  so  that  CS,  would  be  the  face  of  the  earth  if  tfcere 
were  no  wall. 

Let  AX,  be  the  terrain  line,  or  top  of  the  earth  which  rests  against  the 
wall. 

Mow,  draw  any  line  CX„  and  let  us  assume  that  die  earth  is  about  to  sfip 
down  this  plane  CX|,  and  cause  the  wall  to  overturn. 

Then,  the  forces  acting  on  the  wedge  of  earth  ACX],  are  as  follows  : 
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(i)  W,,  its  weight,  which,  considering  a  length  of  i  foot  of  the  wedge  or 
wall,  is  given  by: 

W,  =  p  X  area  of  triangle  ACX| 

where  p  is  the  weight  of  a  cube  foot  of  the  eanh. 

(ii)  Ri,  the  pressare  of  the  wall  on  the  wedge. 

(iii)  Qu  the  reaction  of  the  undisturbed  earth  acting  across  the  face  CX,. 

Now,  unce  it  is  assumed  that  the  wedge  is  just  about  to  slip  the  ordinary 
roles  of  statical  friaion  hold.  Thus  R„  makes  an  angle  x  witb  tbe  normal  to 
the  face  CA,  of  the  wall,  and  Q„  makes  an  angle  ^  with  the  Dormai  to  CXi, 
and  since  these  forces  resist  the  downward  motion  of  the  wedge  they  are  both 
directed  upwards.  The  problem  is  therefore  reduced  to  the.  statical  problem  of 
determining  the  magnitude  of  two  forces,  acting  in  giv(;n  directions,  when  U>e 
magnitude  and  direction  of  their  resultant  (W|,  iA  this  particular  case)  are 

The  solution  is  therefore  easily  obtained  as  follows  ; 

Let  a  and  ^i  be  the  respective  angles  between  the  directions  of  R^  and  Q^ 
and  the  vertical.  Draw  TA,  making  an  angle  a  with  X,A,  and  from  Xi,  draw 
PiXi  making  an  angle  6^,  with  AX,  and  cutting  AT,  in  P].  Then  plainly  AX„ 
is  proportional  to  the  weight  of  the  wedge  ACXi,  and  can  therefore  be  taken 
as  representing  W,,  in  magnitude,  anij,  on  the  same  scale,  the  lines  AP|,  and 
PiXj,  represent  the  forces  R„  and  Qi. 

Thus,  APi,  represents  the  pressure  of  the  wall  on  the  wedge  on  the  wall 
when  CXi,  is  taken  as  the  boundary  of  the  wedge.  A  similar  construction  can 
DOW  be  effected  when  any  other  line  CXj,  is  taken  as  the  wedge  boundary- 
The  only  differences  are  that  since  W„  is  not  equal  to  W,,  AX,,  is  not  equal  to 
AXj,  and  the  angle  if,  ^  P|X,A  is  not  equal  to  the  angle  ^i— PiX,A.  Hence, 
we  get  a  new  value  for  the  pressure  of  the  wall  on  the  wedge,  APt=Rt  say. 
Now,  by  trial  and  error  the  position  of  the  line  CX,  say  CX„  -  CX»  in  Sketch 
No.  120,  which  gives  the  largest  value  of  APm{=  AP,)  can  be  selected.  Let 
this  be  denoted  by  Rm. 

This  theory  is  almost  entirely  a  pure  a^umption.  All  that  can  be  said  is 
that  when  AX,  is  horizontal  it  leads'  to  a  position  CXm,  which  agrees  very  well 
with  experiment,  but  when  AX,  is  either  sloping  in  the  same  direction  as  CS,  or 
is  oppositely  directed,  Darwin's  experiments  on  sand  {P.I.CJE-,  vol.  7itp.  350) 
seem  to  iixUcate  that  results  agreeing  more  closely  with  experiment  are  obtained 
by  assuming  that  XmC  bisects  the  angle  ACS. 

The  difierence,  however,  is  not  very  great,  and  the  construction  given  above 
seems  safer. 

Now,  let  us  consider  the  forces  acting  on  the  wall. 

These  are  R^  which  we  know,  both  as  regards  magnitude  and  direction,  and 
which  we  assume  (both  on  experimental  evidence,  and  on  the  analogy  of  water 
pressure)  to  act  one-third  of  the  way  up  CA,  the  weight  of  the  wall,  and  the 
pressures  and  shears  on  its  base.  ' 

The  distribution  of  the  stresses  on,  say,  the  cross-section  ClCof  the  wall  can 
therefiare  be  calculated  by  the  rules  already  given  under  Dams. 

We  may  assume  that  0  is  about  y>  degrees,  and  that  x  <s  about  10  degrees. 
These  assumptions  are  probably  somewhat  unfavourable.  Earth  weighs  from 
I  (3  pounds  per  cube  foot,  which  i*  probably  a  slightly  tow  estinule,  np  t»  135 
pounds  per  cube  foot,  if  heavy  clay  is  considered.    Thus  p=  I'S  to  2*0. 
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Thfi  resnluat  of  R.,  and.  Y,  the  weight  of  the  wiiU„abould  fitll  sligbtlr  nnide 
the  base  CK,  say  at  M,  where  MK^^^- 

Engineers  are  usually  satisfied  with  testing  the  stability  of  the  fiill  height  of 
the  wall,  but  the  method  is  plainly  applicable  to  any  poitioii  of  ils-beiglit. 

Bligh  has  carefully  investigated  type  secUons  of  w»Iis  by  tbis  method 
{Tht  Practical  Daigti  of  Irr^atwn  ^erij;)rud  d«duc«>  thati 

"The  back  face  of  a  wall  should  be  Tcnical,  or  inclined  towaods  the 
caith,  any  batter  required  being  given  to  the  front  face  of  tiio  wall." 

This  is  somewhat  opposed  to  ordinary  practice,  but  the  reasons  arc  obvious. 
If  the  firont  face  of  a  wall  is  inclined,  either  specially  cut  bricks  or  stones  an 
required,  or  the  beds  of  the  masonry  cannot  be  set  horizontal,  and  thus  provide 
a  possible  channel  for  entry  of  run  water  into  the  wall. 


Skbtch  NOk  131.— Typical  Section*  of  ReUining  WalU. 

Nevertheless,  the  economy  obtained  by  walls  with  face  batters  is  so  con- 
siderable that  the  extra  eiqiense  of  cut  stones  or  hricbs  is  justifiable  wherever 
the  walls  considecably  exceed  20  feet  in  height 

For  example,  let  us  take  the  sectional  area  of  a  wall  3j  feet  in  height,  as 
proportioned  by  Bligh : — 
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Sketch  No.  lai  shows  typical  derigns  of  walb.  Bligh*!  rules  agree  very 
well  with  the  practice  Adopted  in  Indian  irrigation,  and  it  is  believed  tliat  the 
proportions  given  will  suffice  to  secure  safety  under  unfavourable  circumstances. 
It  may  indeed  be  said  that  were  it  not  for  the  fact  that  the  top  width  of  a  wall 
is  not  always  2  feet,  and  that  the  terrain  line  is  not  always  horiiontal,  the  above 
sketch  would  provide  all  that  is  required  in  practice.  The  theory  will  be  found 
of  the  greatest  utility  not  in  proportioning  the  cross- sec ti<n)5  of  walls,  but  in 
selecting  the  design  which  is  best  adapted  to  local  conditions,  from  among  a 
series  which  has  already  been  determined  by  eye  or  by  experience.  This  view 
is  admirably  illustrated  by  Brunei's  section.  Sketch  No.  120.  This  section  is  at 
first  sight  very  thin,  and  "looks  weak."  When  tested  by  the  above  theory  it 
will  be  found  amply  stable,  and  in  pnctiee  it  produces  very  satisfactory  results. 
In  all  cases  it  is  as  well  to  remember  that  a  cracked  retaining  wall  is  not  a 
disaster,  md  (hxt  a  section  n4iich  will  nM  ciack  under  any  inu^inal:^  ctrcmi- 
stances  is  an  impossibly  extravagant  ideal. 

Practital  Details  qf  ConstrucHoM. — The  function  of  a  retiuning  wall  is  pro- 
bably far  more  that  of  protecting  the  cohesion  of  the  earth  from  being  ^BMioyed 
by  the  action  of  the  weather,  than  of  actually  TCt&innig  the  eafth  in  dte  Kbk 
that  a  dam  retains  water. 

The  necessary  construction  therefore  is  as  follows: 

(n)  Keep  the  water,  as  far  as  possibly,  away  from  &e  back  of  the  wall, 
but  give  it  a  free  vest  thiough  tbe  wall  by.OMM*  of  we«p  h<ries. 

(i)  Ifthcfotmdationof  tbe  waH  becmnes  saturated,  it  is  only  a  question 
of  time  when  the  wall  will  slip. 
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SYMBOLS  EMPLOVED. 


Thus, 


»-(t)"' 


is  the  skin  friction  coefficient  in  the  equation  v= 
is  the  friction  coeflicicnt  in  Tutton's  equation : 
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^,  is  the  dkiDcter  of  the  pipe  in  feel,  uid  D,  la  lued  when  inches  ue  employed  as  the 

^  ii  the  diameter  of  the  pipe  bands  in  inchea. 

2,  i«  the  »fe  pressare  on  w(K>d  stBTes  in  poundi  per  lineal  inch  of  the  band  (see  p.  466). 
E-  (see  p.  467). 
f,  it  the  band  spadi^  in  inches.    /=  ■  ■^■-. 


4,  is  Che  bead  In  feel  lost  by  sUn  Trictian  in  a  given  length  /,  of  pipe.     Thus  -y  =  J. 

H,  is  the  maximnm  intenial  pressure,  in  feet  or  water,  to  which  the  pipe  U  exposed. 

k,  iaacoeffident  such  that  B  ^-ji,    (■"  P'  43')- 

/,  i«  (he  length  of  the  pipe  in  feet 

M,  and  M,  aie  the  indices  of  ^  and  r,  in  the  equation-^  =-^. 

N,  is  the  numbei  of  band*  per  100  feet  length  of  the  pipe. 


/  ■ 


q,  is  the  stress  in  pounds  which  a  band  of  diameter  d^  inches  c 

(^  is  the  stress  in  pounds  actually  sustained  by  a  [upe  band. 
R,  is  the  inlemat  radius  of  Ibe  pipe  in  inches.     R  =  —  - 

r,  ^-islbe  hydraalic  mean  radius  of  the  pipe  in  feet. 

fft,  is  the  radius  of  the  pipe  bands  in  inches  =  —  ■ 

s,  is  the  sine  of  the  slope  of  the  hydraulic  gradient  of  the  inpe.    ^=-f 

Ju  is  the  safe  vorking  stress  of  the  metal  of  the  pipe,  or  of  the  pipe  bands. 
J,  (see  p.  467]. 

/,  i*  the  tliickness  of  the  walls  of  the  pipe,  in  inches. 
Itf,  ta,  (-  (see  p.  445). 

T,  is  the  drcumferential  tensbn,  in  pounds  per  lineal  inch,  in  the  walls  of  the  pipe. 
V,  is  the  mean  velodn  of  the  water  ■□  the  pipe,  in  feet  per  second. 

W,  is  the  central  toad  in  poutuls  that  a  pipe  can  sustain  as  a  beam  under  a  maximum 
stress  of  1850  pounds  per  square  inch. 

SUMMARY   OK   FORMULAE 
Entrance  head  =  -(!+")    a  =  o*iotoo-50    (see  p.  426). 
Totton's  fonnnlK : 

v=iZ^r'*''^^'^'^^     (see  p.  427). 
New  cast-iron  pipes,     r=l40r''*/'"    <»"  P- 4"9)- 
Old  cast-iron  pipes,    e  =  IOSr     »_     (*ee  p.  4*9>- 
Skin  frictioti  fommls,    v=Z'l" 

CfflCX""-    For  UWe  (see  p.  478)- 

*      *«" 


D,=;,lz...,C00g[c 
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Disdu^e  of  a  pipe^  yean  old= ^^-.  .    ^ 

Cast-iron  pipes  (see  p.  444). 

Grashof,      ^B  =— |^3|±£^_,J         F  =  i8solbs.  perBquweiiK*.     .  [IndWi^ 

Hftwksley,  /a=oi8^ij flodlM] 

UDwia,      („=o-ii^D+oiD       ......  [Incbem] 

Steel  pipes,  1=^     (see  p.  462) {locJlM] 

Wood  stave  pipes,  N  =  3^5    („e  p.  46S)  ....  [IttcWa] 


General  Considerations  concerning  the  Motion  of  Water  in  a 
Pipe,— Consider  the  usual  case  where  water  is  drawn  off  from  a  large  reservxrir 
ihrougli  a  pipe.  Assume  that  the  velocity  of  water  in  the  jripe,  when  the  nodon 
is  steady,  is  v  feet  per  second. 

If  the  loss  of  head  between  two  points  F  and  Q,  in  the  pipe  be  observed,  it 
will  be  found  that  (abnormal  irregularities,  bends,  and  other  obstructions  in 
the  pipe  being  neglected)  the  loss  is  proportional  to  the  lengdi  rf  the  pipe 
between  P  and  Q. 

The  question  of  the  determination  of  the  absolute  magnitude  of  this  loss  is 
considered  in  detail  later.  The  general  theory,  liowcrer,  shows  that  if  we 
consider  the  motion  from  a  point  R,  in  the  reservoir  where  the  velocity  is  very 
small,  to  a  point  P  in  the  pipe,  where  the  velocity  is  v  ;  there  must,  apart  from 
all  frictional  resistances,  be  a  loss  of  head  equal  to  — ,  or  ratlier,  a  portion  of 
the  initial  pressure  energy  of  the  water  is  transformed  into  velocity,  and  the 
pressure  consequently  diminishes  by  —  feet  of  water.    The  term  Hydraulic 

Gradient  is  defined  on  page  471-    Sketch  No.  \vt. 

ESTRANCK  f/EAD-—'^t  are  thus  led  to  consider  the  "loss  of  head  at 
entry  into  the  pipe."  Reviewing  the  matter  in  detail,  we  find  *laU  the  total 
localised  loss  of  head  which  occurs  at  and  near  the  entrance  to  the  pipe,  and 
is  independent  of  the  length  of  the  pipe,  can  be  expressed  by : 

$■+■" 

where  a  —,  represents  the  resistance  of  the  entrance  of  (he  pipe  considered  as 

an  orifice  discharging  water  at  a  velocity  of  v  feet  per  second. 

In  theory,  a  =  ——  j,  so  that  a  varies  from  about  006  for  a  pipe  with  a  beJI- 

mouthed  entry,  to  050  for  a  pipe  projecting  into  the  resenwr  (Me  Pl  140^ 

Actual  experimental  data  are  rarely  given,  and  modeir  experimenters  have 
usually  found  that  the  flow  downstream  of  the  entrance  t«  a  maootfa  (pipe  does 
not  become  turbulent  for  an  appreciable  distance,  roughly  50  to  100  times  the 
diameter  of  the  pipe.    Thus,  it  is  quite  possiUc  that  a  being  masked  by  the 
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onor  theiBBgtli«f  pipcin  HlhididieilMr  isaot  tuilMiknt, 
n^t  be  appuetnir  negative  In  some  fxpoimcflts  of  <ny<nm  oot  is-iach 
pipe,  w  wkich  tlicantically  a^ia^  1  found  a«  irreguUr  serie*  of  valacfi  of 


SuCTCUMo.  I«3.— Dii«i»m^HMrisg"Head]oitat  Eiit[y"Bite«iPipe. 

bit  sketch  is  an  attempt  to  show  graphically  the  difHcaltiei  attending  a  coRect 
nion  of  the  *' head  >la«t  st  eMr?"  into  a  pipe,  and  isfMnded  «•  otMWBlkHH  nade 
oea  i2-B(Apipe  Mft  Kieae  watei  veiocity  of  «  fset  pet  Mmnd.  Tbe'mticaJsaale'Cf 
thie  bydoutUc  pwlieoU  bw  been  mode  live  times  the  Wiconu].  Five  pressure  tubes 
meie  eslabtisbed,  t  foot,  lo  feet,  45  feet,  2^0  feet,  and  400  feet  from  entrj. 

The  appet  Cfnll)  line  ABC,  shows  the  gradient  obtained  by  the  uncoirected  flieoty. 


X  Mid  Om:  firat  tube,  vna  tbefMKet 


A  chop  (AB)  oT  —  =  1  foot  occnts  between  the  ei 

the  tops  «f  tlte  tntw  vShmat  Ua  on  a  stnti^t  Imk  BC,  dopiis  da— wwdg  M  abca* 
3-6  feet  n  JOD  fceU  Thia  tde^  icaae  wai  vetT  sev^  «ttais^  whea  the  cnny  iw* 
bell-mon^ted  in  tlie  voanner  iodicated  in  Siietch  No.  40. 

The  loweil  (dotted)  line  ADE,  shows  the  cinnimstances  that  are  usually  believed  to 

occur  with  a  cyUndricaJ  Miti^.     Hm  ioitkl  (bo})  AD*  is  wm  about  1  '5  —  =  I  '5  foot. 


A-dn>p<AD4  at  entry  occurs,  which  is  oertaioly  E^'esler  llntB  — ,  uid  U  pnJiaUjr  lets 
than  i'5  --.     Thereaftei  bx  at  least  as  far  as  the  third  tube  (45  feet  from  the  eulraikce) 

the  water  columns  pulsated  up  and  down  ;  kct  on  the  aveiace  die  water  lereb  did  not 
Jm  «a  a  istnight  itiM,  and  tlie  avetage  d<^  of  the  carve  JcMng  tfacu  wts  less  than 
3  IS  feet  per  100  feel. 

The  columns  st  230  feet  ftnfl  400  feet  were,  however,  steady,  and  the  slope  oT  the 
VAraofic  gTa<fietit  ibeiween  these  pnn is,  was  i<fcet  per  Mo  feet,  and  (to  the  acouiacyof 
tbe  obaowafint)  tttcaaae  as  ia.ltae  first  caae. 

If,  however,  this  slope  be  prolonged  backwards,  as  shown  t^  the  fall  Uoe  CH,  we 

4nd  a  e^ctilattd  dK>p«t«ntry  AH,  lAichtsusaany  less  Aan  1*5  — ,  «id  AH,  represents 
tbec)uanthy(i+o)i 


Digitized  by  Google 


4i6  CONTROL  OF  WATER 

a  ranging  from  0*1 5  to  0*60 ;  but  the  possibilities  of  error  iverc  great,  and  wbat 
was  really  observed  was  a±  all  errors  in  the  determination  of  the  friction  bead 
over  80  feet  of  pipe,  and  it  was  possible  to  bring  all  the  values  of  a  inside  tbe 
range  □  =  0*20  to  o  =  0*30,  by  assuming  errors  of  a  magnitude  that  could  have 
occurred.  Similarly,  when  a  whirlpool  formed  in  front  of  the  pipe  entrance, 
values  of  a  ranging  from  0*90  to  no  were  obtained  ;  and  these  were  certainly 
more  accurate  than  the  earlier  set  of  figures. 

The  experimental  difficulties  are  great.  It  will  later  be  shown  that  the 
calculated  values  of  friction  losses  in  a  pipe  are  subject  to  an  error  of  at  least 
5  per   cent.     Thus,  unless  the   length   of  the  pipe   is  less  than  800  times  its 

diameter,  we  may,  in  preliminary  work,  neglect  the  term  — (i+n)  entirely. 
In  dealing  with  actual  observations,  I  have  been  accustomed  to  assnme  that : 
o  =  o"3S,  and  to  deduct  —  (fas)  from  the  observed  frictional  loss  before  plot- 
ing  the  results.  In  calculating  the  large  syphons  used  on  tbe  Punjab  canals  it 
is  usual  to  assume  that  the  loss  at  entry  is  15  —,  this  is  certainly  an  over- 
estitnation,  as  the  water  usually  approaches  the  syphon  with  a  velocity  which  is 
a  considerable  fraction  of  v.  Even  if  this  correction  be  applied,  the  results  of 
certain  observations  show  that  either  a  is  very  small,  approximately  o'lo-to 
o'2o,  or  that  the  syphons  are  considerably  smoother  than  the  ordinary  rules 
would  indicate. 

Pasini  and  Gioppi  {GiontaU  del  Genie  Civile,  1S93,  p.  49)  experimented  on 
three  briclcwork  and  concrete  syphons,  between  4  and  j  feet  hy«lraulic  mean 
radius,  and  respectively  33  feet  (10  metres),  581  feet  (i77'3o  metres),  and 
861  feet  {ifiTta  metres)  in  length.    The  volumes  discharged  were  measured  by 

current  meters,  and  apparendy  with  great  accuracy.  When  oo38w»  =  0-55  — 
(w  being  the  mean  velocity  in  meters  per  second)  is  allowed  for  entrance  bead, 
the  whole  series  of  experiments  fall  into  line,  and  agree  very  well  with  : 


in  English  measure  as  the  equation  for  frictional  resistance. 

This  value  of  the  frictional  resistance  also  agrees  very  well  with  what 
would  be  predicted  for  brickwork  channels  of  this  size  by  either  Bazin's  or 
Kulter's  rules.  It  therefore  appears  pemiissible  to  infer  that  -^ — ,  is  a  fair 
allowance  not  only  for  the  entrance  head,  as  above  defined,  but  ako  for  tbe 
increase  in  velocity  which  occurs  as  the  water  quits  the  earthen  canal  and 
enters  the  syphon. 

The  matter  can  be  summed  up  as  fbllows  : 

In  actual  observations,  the  neighbourhood  of  the  entrance  to  a  [upe  should 
be'avoided  when  locating  gauges.  In  preliminary  calculations,  <>  can  usually 
be  neglected.  In  working  up  obs^vations,  a  =  0'2o  to  o'3c^  b  a  &ir  assump- 
tion. In  designing  structures,  a  =  0*50  is  amply  safe,  and  probably  over- 
estimates the  loss. 

Formula  for  the  Discharge  of  Pipes.— It  most  be  confessed  that 
the  subject  of  the  discharge  of  pipes  is  in  a  very  unsatisfactory  stated  and  dut 
any  definite  advance  seems  to  be  unUkely. 
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The  two  chief  difficulties  are : 

(i)  The  usual  conunercial  description  of  a  pipe  is  not  sufficiently  exact  to  6x 
its  hydraulic  condition,  so  as  to  enable  the  discharge  to  be  predicted  with  an 
accuracy  of  even  lo  per  cenL 

(ii)  The  flow  of  water  in  pipes  is  affected  by  accidental  irregularities  to  a 
remarkable  degree  ;  and  there  are  very  few,  if  any,  existing  experiments  which, 
when  carefiilly  examined,  do  not  show  signs  of  influence  by  such  conditions. 

The  commercial  method  of  describing  a  pipe  is  never  so  precise  that  those 
experiments  only  can  be  selected  which  were  made  on  pipes  of  a  nature 
similar  to  that  of  which  it  is  desired  to  calculate  the  discharge. 

Under  the  above  circumstances,  therefore,  fbrmulK  generally  applicable  to 
all  jnpes  of  the  same  commercial  description  should  be  regarded  as  liable  to 
errors  of  at  least  \o  per  cent,  either  way. 

Thus  in  the  selection  of  a  working  formula,  it  is  permissible  to  consider 
simplicity  in  calculation  as  of  primary  importance.  Agreement  with  the 
observations  used  in  its  dcdoction  may  be  regarded  as  indicating  the  more  or 
less  unconscious  skill  displayed  in  selection,  in  order  to  include  pipes  of  the 
same  hydraulic  character,  and  reject  all  cases  affected  by  abnormal  disturbances. 
If  the  formula  is  a  truly  praclical  one,  it  must  be  sufficiently  wide  in  range  to 
inchide  a  large  proportion  of  thest  nnusual  cases. 

On  the  other  hand,  it  appears  advisable  to  give  the  most  definite  indications 
possible  of  the  manner  in  which  the  discharge  of  a  pipe  is  influenced  by 
alterations  of  the  availaUe  head.  Consequently,  having  observed  the  dis- 
charge of  an  existing  pipe  under  a  given  head,  an  engineer  can  predict  its 
probable  discharge  under  another  head,  with  greater  accuracy  than  a  general 
formula  will  permit. 

General  Foruulm.—TPh^  most  useftil  formula  seems  to  be  the  one 
given  by  Tutton  (Jeum.  of  Assoc,  of  Eng.  SocutUs,  vol.  23,  1899),  as  follows  : 

Where: 

V,  is  the  velocity  in  feet  per  second. 
r,  is  the  hydraulic  mean  radius  in  feet. 

s,  is  the  sine  of  the  anj^e  of  inclination  of  the  hydraulic  graifient. 
C],  is  a  coefficient  which  is  approximately  constant  for  pipes  of  the  same 
description. 
This  equation  does  not  pretend  to  any  very  great  accuracy,  for  the  reasons 
given  above  ;  and  Tutton's  actual  results,  as  later  indicated,  give 

»=  C,r  J  where  (8  varies  from  o'oo'to  008. 

We  have  as  follows,  for  diameters  up  to  4  feet,  and  piobaUy  for  greater 
diameters  (see  table  on  p.  438). 

This  equation  can  be  easily  transfnnned  into  the  form  : ' 

w=C,f*Vw  =  CV7j 
where  C,  is  the  variable  coefficient  of  skin  friction  for  a  pipe  d=^,  feet  in 
diameter.    The  values  of  Ct^  when  C,  =^  100  are  tabulated  on  page  478-     In 
Aiture  we  shall  usually  specify  the  hydraulic  qualities  of  a  pipe  by  stating  that 
C'=  ,  .  .  .  in  the  equation  p.=  C^rj. 
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Wodt-w 

' 

c,. 

VaJw 

ore,. 

Remuks. 

1 

New  cast  iron     . 

186  to  158 

140 

The  iralaa  of  C,  1 

Old  cast  iron,  cteaned. 

ate   very  evenly  1 

\. 

Cement  lined  pipes, 
orAnKuaSiBith  coat- 
ed, or  tarred 

distiiilNMed     irre^ 
-spective  -of   die  - 
mdioB. 

C*itiron,dighdyt«ber- 

87  to  138. 

105 

The  oia|ockr  dus- 

1    H. 

1 

cukted,«r  with  mud 
deposits 

ter  round  1-05.      1 

IJI. 

Heavily  tuberculated  . 

30  to  8s 

... 

No  value  cm  be 
^»>en. 

IV. 

.Aniluk   ixwted  pipes 

(new) 
A^halt   coated   pipes 

(old) 
Wood  stave  pipes 

140  to  L99 

IJO 

V. 

140 

140 

VI. 

165  to  "S» 

14b 

The  smaller  nloe 

SSu""*^; 

( 

Lb{]    riveted    pipes. 

New  12510 

13'='    , 

VII.  J 

tarred  or  asphalted, 
rivets  fuojecting 

'35 
Old  no  to 

113 

VIII. 

Large  brick  conduito  . 

114 
139  to  TIO 

lao 

When    obstructed 
1^  shafts,  etc,  Q 
may  Tall  to  90.      < 

In  applying'  formulx  No.  IV.,  V.,  and  VII.,  it  should  be  remembered  that 
old  pipes  of  these  kinds  were  rather  rare  at  the  date  of  Tutton's  lavestigatioDs. 
The  coef&denta  given  must  be  x:0DS)derecl  as  cdcre^Hwding  to  a  cas^)ron  pipe 
which  is  but  very  sUghtly  lubeiculated  fsay  Ci  =  lao),  and  a  further  drop  of 
10  to  15  per  cent  (corresponding  to  C,  =  105  for  cast-iron  pipes)  may  be  ex- 
pected when  pipes  such  as  are  now  discussed  become  badly  tuberculated.  An 
asphalt  coated  pipe,  if  successfully  coatefl,  taltes  longer  to  become  incrasted 
than  a  coated  cast-iran  pipie,  and  asphalt  coatings  being  proprietary  articles,  fT 
the  coaling  is  unsucoessful  any  pablicatian  of  records  relating  to  the  discharge 
of  mold  pipe  is  milikely.  The  fact  that  the.  dischuge  capacky  of  wood  stave 
pipes  does  not  decrease  with  age  appears  to  be  well  eataUtahad. 

With  all  the  accuracy  required  fsr  fnujtical  purposes  a  fmkI  ef  pipe  D, 
D' 
inchei  in  diameter  holds  ~  imperial  gallons. 

Thus,  the  discharge  of  a  pipe,  when  the  mean  velocity  of  the  water  is  -a,  feet 
per  second,  is 

—  imperial  j;aRons  per  second     .       .       [InAo^] 


iwD'  imperial  gallons  per  minute 


[iQcbea.] 
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V  U^  gRHnt  an  cooaidcMd,  the  8gum  becooM : 

vD* 

— -  U.&  gallons  par  ncaad 

or,  i44fD*  U.S.  gallons  per  hour  .  [Incbtfl.! 

TtittMi's  euKt  Aurmutn  arew  folUwt : 
No. 
I.  w-Ci»*^j*-"  with  Ci- 140  say. 

II.  » =-  C,»^-«V-«  wttk  Ci  -  105. 

HI.  »  =  C,H»-«j^'  wkhCi  -3ot».as. 

IV.  *  =  Cir*"j*-"  wUh  C,  =  170. 

V.  v  =  C,»*«j*-»'  with  C,  -.. Mp. 

VI.  V  =  C,r'-*V-"  with  Ci  s  14a. 

VII.  V  =  Ci»^-«j«-«  withC,  =  i3ooriis. 

VIIL  V  =  Ci^-«V-"  with  C,  =  120. 

These  formuUe  aift  best  adapted  to  I<%arithiiiic.computatica.  In  all  practical 
examples  r,  and  j,.arc  fractions  ;  hence,  the  least  liatulity  t»  error  is  obtained 
by  usii^  die  logarithms  of  iw,  and  10,000^,  as  these  quantities  arc  usually 
gRfttei  than  unity. 

The  fbimube  then  become  : 

L  New  ca*t-in>n  pipes,  etc. 

log  f  —  0'66  log  lor+o's;  log  lOjixxu— 0*5539 
tl.  Sli(^y  tnbotctilMed  fupes,  tbc; 

log  w  =  0-66  log  ior+o*5i  log  io,oooj— 0*768 
II L  Fonnula  is  useless. 
tV.  New  aspkalt  coated  pipes, 

teg  p  =■  0*62  log  lor+o-JS  log  ro.oooj—trsJktf 
v..  Old  aspbnlt  coated.  [npeS( 

Vr.  Wood  stave  pipes, 

log  »  =  059  log  lor+o'sS  log  io,oooj-o7639 
VII.  Lap  riveted  pipes, 

log  V  =>  0*66  log  lo^+o-ji  log  io,oof— 05861,  or  e'65aft 
VIIL  Brick  conduits. 

log  *  =  0-65  log  ior+0'53  log  io,DOoj— o'6so8 

It  i»  brfeved  that  the  applicatioti  of  tlwse  coefficients  wilt  permit  the  ifis- 
charge  to  be  obtained  with  an  accuracy  of  about  ro  percent.,  and  it  is  probable 
that  the  ernin  will  not  exceed  5  pwr  cent,  either  way.  It  should  dso  be  borne  in 
miitd  that  a  pfpe,  when  carefully  laid  trtie  to  a  onifbrm  grade,  or  with  few  bends 
eiAer  beriiORtatly  or  vertically,  may  be  expected  to  hare  a  greater  discharging 
capacity  than  one  which  is  laid  with  less  care,  or  has  many  benA  and 
sinuosities.  In  good  practice,  each  individual  lengtbof  pipe  is  adjusted  with 
extreme  <am>  c^.  ia  laid  by  level  or  boning  rod  t*  coirtct  grade.  In  pipes  of 
sufficient  diaiDcSei  to  parait  a  maa.  to  get  inside  them,  the  apiget  end  is  care- 
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fully  adjusted  to  lie  centrally  in  the  faucit,  so  as  to  present  a  unooth  internal 
surface  to  the  flow  of  water.  Such  precautions  entail  a  good  deal  of  extn 
labour,  but  in  return  a  better  dischargv  may  be  expected.  My  own  experience 
leads  me  to  believe  that  this  additional  discharging  capacity  remains  propor- 
tionally constant  as  the  pipe  ages,  although  further  studies  are  greatly  to  be 
desired.  Consideration  of  such  practical  matters  leads  to  the  following  rules  for 
cast-iron  pipes  : 

(i)  A  pipe  laid  for  temporary  purposes  may  be  calculated  with  : 

Cf  130  if  badly  laid [Tutton's  formulEc] 

C1S145  if  well  and  carefully  laid. 

(ii)  A  pipe  for  permanent  work  should  be  calculated  so  as  to  give  the 
required  dischai^  with : 

Ci=90  if  badly  laid [Tutton's  fonnule] 

Ci=io5  if  well  laid. 

If  frequent  cleaning  is  permissible,  or  if  the  water  is  known  not  to  incrutt 
the  pipes,  the  coefficient  might  be  increased  ;  hut  it  is  believed  that  any  marked 
increase  will  usually  entail  a  more  frequent  cleaning  or  scraping  of  the  [Hpes 
than  is  generally  desirable. 

(iii)  If  the  water  produces  severe  incrustation,  and  cleaning  is  Impossible, 
these  values  may  be  reduced  to  : 

Ci=Bo,andCi=9o [Tutton's  fofronlae] 

but,  in  such  cases,  it  is  advisable  to  design  the  pipes  so  as  to  discharge  the 
required  amount  for,  say  the  first  10  years,  and  to  provide  for  laying  another 
line  as  the  discharge  fsUs  off. 

(iv)  Where  water  is  pumped  by  power,  the  additional  investment  entailed 
by  a  large  pipe  should  be  balanced  against  the  extra  cost  of  pumping  throvi^ 
a  smaller  pipe  when  incrusted.  In  such  a  case,  the  rate  of  iBterest  expected, 
and  the  cost  of  a  pump  horse-power  per  year,  actually  determine  the  size. 

The  question  is  best  dealt  with  expeii  mentally,  and  one  measurement  of  the 
discbarge  of  a  pipe  of  known  age  carrying  the  water  which  it  is  proposed  to 
deal  with  is  more  valuable  than  several  pages  of  ditcnssion. 

It  will  also  be  plain  that  the  allowance  for  the  deterioration  in  discharging 
power  as  the  pipe  ages  should  be  greater  the  smaller  the  pipe  ;  and,  if  tbe 
very  simple  formiila7'=iooiv'rv,  be  employed,  and  the  diameter  thus  obtained 
is  increased  by  I  inch,  cleaning  is  not  likely  to  be  necessary  for  many  years, 
indeed  if  ever. 

Many  engineers  are  accustomed  to  consider  that  v,  should  increase  as  the 
diameter  of  the  pipe  increases,  and  that  v=d-'t-i,  feet  per  second  (where  d,  is 
in  feet)  gives  a  very  fair  practical  rule.  The  rule  has  no  theoretical  foundation, 
but  it  expresses,  in  a  practical  mannn',  the  least  costly  site  of  pipe  in  cases 
where  tbe  available  bead  is  not  very  much  more  than  that  which  is  required  to 
transmit  the  water. 

More  exact  FormuLjE  for  existisc  Mains.— \jix  the  discharge  of  a 
pipe  di  feet  in  diameter  be  observed  imder  the  various  heads,  let  the  quantities 
discharged  be  as  follows  : 

Qi,  under  a  head  h\  \     where  Q  and  h  are  measured  i 
d  A,  ^ 


Qt,  under  a  head  hy  |-        any  convenient  units,  preferably 
Qa,  under  a  head  k^  J         cnbic  feet  per  aecond,  and  feet ; 
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where,  ro  each  instance,  if  necessary,  the  bead  ha«  been  ceirected  for  the 
loss  at  entry  (see  p.  436).  Practically  speaking,  this  correction  should  be 
applied  if  the  length  of  the  pipe  is  less  than  a6oo  times  the  diameter  in  longk 
pipes;  or  11,500  times  the  diameter  in  verysmocnb  ones.  These  values  give 
the  length  for  which  the  bead  consumed  at  the  inlet  is  approximately  1  per 
cent,  of  the  whole  head. 

Plot  these  values  logarithmically.  That  is  to  say,  plot  the  points 
(log  Q„  log  *,),  (log  Qi.  log  *i),  etc. 

In  ordinary  engineering  cases,  where  the  water  velocity  is  not  so  low  (less 
than  say  6  inches  per  second,  in  6  inch  pipes)  that  critical  velocities  (see 
p.  19)  occur,  these  points  will  be  found  to  tie  On  a  stiught  line.  Thaa  it  is 
evident  that  the  relation  is  : 

log  k=n  log  Q+a  constant. 

Thus,        *=Aq"       or,    since  Q-?'<i»w,         A-Bw" 

where  log  A,  and  log  B,  are  best  obtained  graphically  by  finding  where 
the  line  passing  through  the  plotted  points  cuts  the  lines  representing 

Q  =  i  (;>.  log  Q=o),and«'=i  (*'.*.  log  Q=log  'J*)  respectively 

Now,  this  experimental  fact  permits  us  to  determine  rapidly  the  discharge 
of  a  pipe  from  gauge  readings  in  the  reservoirs  from  which  it  draws,  and  into 
irtiich  it  discharges,  when,  say,  two  or  three  discharges  under  different  beads 
have  been  measured. 

My  own  experiments  indicate  that  so  long  as  the  pipe  does  not  alter  in 
character  (due  to  deposits,  or  tubercnlation)  the  figures  thus  obtained  agree 
very  closely  with  a  series  of  observations. 

We  can,  however,  go  further ; — The  value  of  n,  is  connected  with  the 
character  of  the  pipe.    The  followirxg  rules  may  be  given  : 

For  a  new  and  smooth  pipe,  n,  lies  between  173  and  I '87,  and  is  probably, 
on  the  average,  smallest  for  wood  stave  pipes,  and  largest  for  cast  iron. 
For  all  except  wooden  pipes,  x,  increases  with  age,  as  die  interior  gets  rougher. 
For  slightly  tuberculated  pipes,  it,  increases  about  cria  on  its  original  value. 
For  badly  tuberculated  examples,  sudi  values  of  »,  as  3,  or  even  3*10  are 
recorded  ;  although  it  should  be  mentioned  that  the  cases  where  n,  exceeds 
3  are  few  in  number,  and  that  the  measurements  are  usually  ikot  very 
satisfactory. 

The  experimental  relation  A=Bi/*,  may  be  put  into  the  following  fonn  : 

7-*5S.**>ereB=^ 
and  /,  is  the  total  length  of  the  pipe  in  feet,  so  that  -j  =s. 

The  term  1^,  represents  the  effect  of  the  diameter  of  the  pipe  in 
determining  the  velocity,  and  can  evidently  only  be  determined  by  comparing 
the  results  obtained  from  observations  on  other  pipes  (assumedly  of  the  same 
hydraulic  character),  and  is  therefore  affeaed  by  the  uncertunties  already 
indicated. 

The  following  table  gives  the  results  obtained  by  various  investigations  on 
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pipes.    The  vaJuee  of  «,  wifl  be  found  umAiJ  m  checking  actual  o 
Tbote  of  M  (altboagh  Icb  reliable^  sboukl  be  employed  what  ii 
M  predict  the  dlKbarge  •£  a  pipe  fram  cxperimentB  made  oi^  on*  of  ths  s 
coBitnictioii,  but  of  a  difierenl  sue. 

It  ia  fbrtnnntc  that  the  irrc^laritics  and  abnwmalilie*  produced  by  bad 
adjustment,  incrustations,  and  other  less  easily  recogniicd  factois,  cb>  net 
appear  to  have  any  great  inAuencc  on  the  value  (A  m,  Therafbm,  if  4^  is 
calculated  for  the  observed  pipe,  we  may,  with  very  fair  accumcy,  asmme  that 
dM  effect  of  different  diameterE  id  aufficieotly  allowed  for  by  taking  «•,  as 
equal  to  1-35,  and  assuming  that  the  irr^ularities  influenGelbe  vahie  oC^  only. 

The  following'  fdnmihe  have  bcea  ppopooed  : 


Unwi 


Asphalted  cast  ii 


Flanant(i892) 

^^  t  »'•"               i,  for  new  cast 

iron,  0-000336. 

(A.  P.  It  C, 

/        rf"'"                     Do.     in  service, 0000417. 

i89a,Yol.ii.) 

Smooth  pipes,  lead,  gtass  or 

wrought  iron,  0-000236  to 

0-000380. 

Lea  (1907) 

i        W 

{Hydraulics) 

/-*rfm 

Avei:«|>e  Value*. 

L«a-(  -niatt  of 

*         i      * 

¥ar— 

T""' 

CkaB,.ca3tiroiu*- 

000039100*0004)   )«=i.'S4to  1-97 

o-oo«36  ,  1-93 

Old.  cut  itOD  . .  A= 

©•000+7  to  0  -00069   «  ■= » '94  to  *  "04 

o-oo«6a  1  a-» 

N««,     riveted . 

1 

pipes    . 

k~ 

0-00040  to  0-00054  «=r9jt»a-o8 

owtosp  '■  a-o- 

Galvaoised 

j 

pipes    . 

iBO'00035 too'00045  «=s]'So to  i'96 

0  00040 ;  1-88 

Sheet  iron 

asphalted 

h  = 

0-00030 to 0-00038  «=.i-76to  i-8i 

0-00034 

>'75 

Clean,  wooden 

pipes     . 

i  = 

0-00056100-00063   »»-=i-7»tor75 

0-00060 

»*75 

Brass  and  lead 

pipes     . 

0*00030 

»-7S 
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As  actual  examples,  Lea  collects  for  -j = -if  =  j^j.t"  : 


Diunetei 
iniDchn. 

B        Ji 

-. 

3-22 

0-00156 

197 

5  39 

0-00079 

1-97 

7"44 

o-ooo6z 

.-96 

la-o 

0-0003B3 

1-78 

New  cast  iron 

i6-as 

0'0002I4 

1-86 

'*-3 

0-000367 

i-8o 

19-68 

owooaa 

1-84 

30-0 

0-00003 

j6o 

o-oooo6a 

a-o 

«8-Q 

0-000057 

1-93 

1-41 

0-0098 

1-99 

^'l 

0-0035 

1-94  . 

Cast  iron,  old 

9-58 

0-0009 

r-98 

36-0 

0-000105 

4S-0 

0-000083 

»-o4 

48-0 

0-000085 

a -00 

143 

0-0041 

1-85 

3'S 

0-00185 

•'97 

CMtinm  cleaned. 

11-68 

ot>oo375 

480 

0-000082 

2 -02 

480 

0-000059 

'■94   . 

3-0 

0-002450 

1-88 

u-o 

0-000515 

r-Si 

"■35 

0-000470 

1-90 

15-0 

0-000270 

''94 

RivMed    wiougtrt    iron 
or  steel     . 

J8-0        ■ 

0-000099 

2"0O 

42-0 

o-oooii 

'■93 

480 

0-000090 

72-0 

0-000055 

1-99 

;3o 

0000077 

i-as 

1030 

0-000036 

2-o8 

44-0 

0-0001254 

I '73 

Wood 

54  0 

0-0000830 

'■75 

72-5 

0-0000610 

1-72 

7»-S 

0-0000480 

1-93 

perhaps  the  most  general  foimula  is  tfaat  giTcn  in   1903,  by  Saph  and 
Schrodw  {Tratu.  Am.  Sm.  ofC£.,  vol.  51,  p.  306),  which  ia  as  follows : 
For  ideally  smootb  pipes,  i^.  brasi,  glass,  kad*  etc 

k      0^000206    ,  „       .  , 

7  "     Jtur-   »  "  i  w«tl»  «woM  of  ±  r  per  cent. 

F«r  coiii«eTcaJ  pipes  of  all  aortt,  induding  brick  aiiA  cement  lined,  the 
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graphic  plots  of  log  d,  and  log  k,  cover  a  zone  of  sonje  breadth,  and  they  get 
as  follows: 

_        .V       .       ■  *  0000396       |4.u,4. 

smoothest  pipes,  j  =  — „  „     t,i-»i»i-»» 

.    T  !■        c  *       o'ooo469    ... .     „ 

central  line  of  lonCj^  =  — „  ^     jjiMtoi-M 

roughest  pipes,  -j 

This  formula  is  obviously  almost  useless  for  general  calculatioii.  It  is, 
nevertheless,  worth  putting  on  record,  since  it  shows  the  general  laws  with  some 
accuracy,  and  thus  forms  a  guide  for  cases  outside  ordinary  experience. 

Thus,  let  us  assume  that  we  wish  to  calculate  the  discharge  of  a  conduit 
about  7  feel  in  diameter.  There  are  diily-  (to  da^e  of  1912)  six  cases  of  ex- 
perimeotson  pipes  over  48  inches  in  diameter,  so  that  the  ordinary  rules  are 
quite  inapplicable.  A  study  of  Saph  and  Schroder's  diagram,  however,  shows 
feirly  dearly  that ; 

For  old,  heavily  tuberculated,  cast  iron,  a  value  not  far  off  j  =  "jTiT  ^**  '* 

most  likely.    For  heavily  tuberculated,  say  4  years  old,  -j  =  —mm  **  ''  xaaA 

likely. 

If  we  take  wood  stave  pipes,  the  values  are  more  irregular,  but  we  find  that 

7  "     rf.n    v'-'*  will  be  safc ;  while  for  nveted  pipes,  —.  =  "jTir'  *"       appears 
to  be  sound. 

These  figures  are,  of  course,  only  approximate,  and  20  per  cent,  of  errors 
are  by  no  means  unlikely,  but  one  useful  deduction  can  be  made :  The  law, 
:  varies  as  ^ti)  appears  to  be  well  fimnded.  Thus,  we  are  fairiy  justified  in 
assuming  that  the  discharging  power  of  similarly  consuiicted  pipes,  imder  the 
same  hydraulic  gradient,  varies  very  approximately  as : 

rf^torf*" 
It  will  be  obvious  that  Tutton's  formula  could  be  transformed  to  a  form 
similar  to  the  above.    When  this  is  done,  it  wiU  be  found  that -j,  varies  as 
^^  for  formulic  I,  II,  III,  V,  and  VII;  and  as  ^^^  for  formula  IV. 

SfEASusEMENT  OF  THR  DISCHARGE  OF  A  /'/^£.— This  is  generally  one  of 
the  easiest  operations  in  hydraulics,  provided  that  the  ppe  is  so  long  that  the 
water  takes  more  than  200  seconds  to  pass  through  it. 

The  process  consists  in  discharging  a  Small  quantity  of  some  easily  recog- 
nised colouring  matter  into  the  upper  end  of  the  pipe,  and  noting  when  this 
colouring  substance  appears  at  the  lower  end.  The  interval  of  time  thus  being 
observed,  and  the  length  of  the  pipe  being  known,  the  speed  with  which  the 
colouring  matter  travuses  the  pipe  is  easily  calculated.  As  a  general  principle, 
it  can  be  staled  that  in  smooth  channels  this  speed  is  the  mean  velocity  of  the 
water,  providied  that  the  water  is  moving  at  a  greater  rale  than  Osborne 
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Reynold*'  higbet  cntical  volodty  <t«e  p.  30).  This  sutenwnt  is  not  «  fint 
sight  in  accordance  with  the  general  ideas  as  to  the  distribntiem  of  velocities 
over  the  cross  section  of  a  pipe.  -  \i,  however,  the  true  circumstances  01 
turbulent  notion  :ure  considered,  it  will  be  seen  that  a  particle  which  a(  one 
instant  is  moving  forward  very  rapidly  at  the  centre  of  the  pipe,  will  a  second 
later  be,  not  at  the  centre,  but  somewhere  else,  and  travelling  less  quickly  ;  and 
that  the  particle  now  at  the  centre  will  have  previously  been  moving  more  slowly. 
This  continual  alteration  in  speed  causes  the  mean  vdocity  of  any  individual 
particle  during,  say,  one  minute  to  be  very  much  the  same  wherever  it  may 
happen  to  be  situated  at  the  moment  of  observation. 

The  best  proof  of  this  statement  is  the  practical  one  of  discharging  a 
colouring  matter,  which  is  recognisable  when  greatly  diluted,  into  the  inpe,  and 
observing  the  interval  between  its  6rst  definite  appearance  and  cessation  at  th« 
other  end. 

The  interval  of  time  that  elapses  will  be  found  to  be  rougffaly  proportional  to 
the  length  of  the  pipe,  and  the  length  of  the  coloured  streak  rarely  exceeds  1  per 
cent  of  the  length  of  the  pipe.  Thus,  even,  if  the  mean  velocity  be  considered 
as  uncertain  by  an.  amount  corTesp<»idiug  to  the  total  length  of  the  streak,  it 
can  be  deiennined  to  within  i  per  cent. 

In  68  of  my  own  experiments  on  a  12-inch  pipe,  3074  feet  long,  the  greatest 
extension  corresponded  to  a  coloured  streak  14  feet  in  length.  The  colour 
fint  appeared  after  S98'a  seconds,  and  disappeared  4  seconds  later.'  Thus, 
the  mean  velocity  was  less  than  $'467,  and  greater  than  3'444  feet  per  second. 

The  value  3-456  feet  per  se^d  is  {»obabIy  br  more  accurate  than  could 
be  obtained  by  any  other  method. 

In  25  other  observations,  the  flow  was  purposely  obstructed  by  paniaTIy 
dosing  a  central  valve,  and  by  fixing  baulks  of  timber  in  tbe  pipe.  Obstruction 
was  always  found  to  produce  an  abnormal  lengthening  of  tbe  coloured  portion 
of  the  water. 

According  »>  my  own  systematic  experiments,  this  method  is  applicable  to 
[Hpes  up  to  18  inches  in  diameter^  and  probablyto  larger. ones  also.  When 
tested  against  weirs,  (as  in  38  observations)  the  differences  are  within  the 
litnits  of  error  of  the  weirs.  Benzenberg  {Tratu.  Am.  Sec.  ofC.E.,  vol.  30,  p. 
380)  has  also  used  it  with  success  to  gauge  a  brick  conduit  ts  feet  in  diameter. 
The  method  may  therefore  be  considered  as  universally  appIicaUe  to  smooth 
pipes.  Whether  it  holds  in  the  case  of  a  badly  incrusted  main  cannot  as  yet 
be  definitely  stated;  but  there  is  no  reason  to  believe  that  it  will  not,  and  th<> 
results  of  Benzenberg^  gangings  give  : 

Bazin's  y  •=  o'45,  or  Kfitter's  «»o'oi4  (see  p.  474)  which  are  closer  to  the 
values  for  a  badly  incrusted  pipe  than  for  a  clean  one. 

As  practical  details  of  the  work,  we  should  consider  whether  the  water  is 
intended  for  human  consumption.  If  so,  it  is  obviously  inadvirable  to  add 
colour  to  a  noticeable  degree.  The  water  presumably  being  fiiirly  clear,  any 
inajl:ed  tinting  is  unnecessary. 

In  such  cases  1  have  been  accustomed  to  use'  bran,  or  permanganate  of 
potash,  since  either  is  rc^noved  by  filtration,  and  both  are  harmless  in  any  case. 
Bran  is  easily  strained  off  by  a  muslin  bag,  and  permanganate  of  potash  is  de- 
colourised by  the  addition  of  a  little  ferrous  sulphate. 

Where  the  water. is  not  used  for  human  consumption,  sud>  dyes  as  eosin 
(Benienberg),  or  fluorescin  ("y  o*"  standard)  arc  useful.     I  have  even  made 
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very  accordasA  field  gM^ngs  with  a  bottle  of  vcd  or  Uwdc  idlt,  At  r«d  beiag 
sli^btly  mare  easily  lecognised. 

Ths  conditions  for  accurate  work  hre  obvknu  : 

(i>  The  colour  must  be  added  tn  me  gulp,  (soy  a  pint  for  a  4  feet  l^pc^  To 
the  water,  l>.  poured  lato  the  entrance  of  the  pipe. 

^ii)  The  length  of  the  fn]oured  streak  increases  very  rarpidly  iA  the  firat  roo 
feet  kngth  of  the  pipe,  and  is  then  aboat  four  times  the  diameter  of  the  pipe. 
Thereaitttr  the  length  iacreasec  bat  slo«iy,  and  is  oenr  much  gT^Kter  than  i 
per  cent,  of  the  lenph  of  the  pipe.  It  will,  faattwer,  t*  pkdn  thM  the  rapid 
initial  increase  renders  the  medhodtxnDpar&tively  inaocttrate  if  dte  piftt  is  cotK 
uderably  Jess  than  400  or  yx>  feet  ik  len^A. 

(iii)  Usually  there  it  no  difficuhy  in  RCOgnisiBg  the  coioVt  hat  «  wWte 
procelaio  tile  l^d  below  the  |ape  e>dt  is  of  assistance. 

(iv)  The  length  of  the  tinted  mass  should  be  estimated,  and  if  it  ctnsM&r- 
ably  exceeds  one  per  cent  of  the  length  of  the  pipe,  obsnuctioiu  may  be  con- 
sidered as  l)k^y> 

Tile  process  is  also  apiJ^caUe  to  smooth,  open  channels  i  tMt  it  is  veiy 
rardy  that  channels  of  sufBciext  length  to  tender  tho  method  ttccnnte  «9d9t. 
Difficulties  occur  in  the  case  of  rough  eutheH  channels,  tttrnig  to  sti«dis  of 
colour  being  araotted,  and  ddttred  by  eddiesL  The  iqaamity  «f  pigment  wfaich 
must  conecqueMly  be  added  so  U  to  be  euily  recOgoiaBMe  some  looa  feet 
downstreauh  ^  oonaidcraUe.  I  have  npt  tbetefoK  bee*  able  to  obttoi 
satisfaOwy  rendtE. 

-  The  followinK  will  be  foimd  an  eSective  snetboA  of  dfschargiiig  ctANmng 
matter  into  the  entrance  of  a  pipe.  A  glass  AMk  Ptdtt  as  th«  inual  thin  gtass 
long  necked  flask  used  in  chemistiy,  is  filled  with  colvntteg  matter  M  &s  to 
Uav«  so  air  bubUes,  and  cOrked.  The  fhtl  <lask  is  sluag  by  a  string  neck 
dawDwards,  and  is  lowered  uatH  it  lies  opposite  the  centre  of  Ae  pfpS)  End  »a 
dose  in  front  as  possible.  The  flask  is  then  smashed,  preterably  wMi  a  MKl; 
but  if  the  depth  b  too  great,  a  lead  weight  with  a  hwlc  in  it  is  thnttded  oh  the 
subtending  string,  and  dropped^  The  actual  iimaHt  of  ftactute  can  gMeiMy 
b^  observed,  but  occastonally  ttie  depth  is  too  great.  1b  practice,  the  amall 
degree  of  uncertainty  thos  introdnced  is  Osually  negligiUe ;  b«  if  Hk  ptfft  is 
a  shi»t  one,  or  if  extreme  acewacy  is  re<iaired,  the  iBstant  of  tauXMK  cws 
gener^y  be  noted  by  fiimig  a  bar  below  the  fla-dt,  to  as  to  pret«nt  the  weight 
being  lost,  and  noting  the  tiine  at  which  tiie  jerk  dius  earned  wxmn.  Sy  nswg 
piano  wire  as  tb*  suspender,  Mad  ae  8  lb.  wvigtit  as  trandter,  I  bav«  bew  t/titt 
to  get  accurate  results  when  the  pipe  moMh  w«s  40  feet  belmr  Ae  poiM  «f 
observaticKi.  The'  most  ftvouiable  place  for  discharffing  liie  ctdoMr  'ti  HM  M 
the  entrance  of  the  pipe,  btit  at  a  nanhote;  dK  length  ttf  «ii«  necMkny'to 
permit  the  flask  to  lie  in  the  centre  of  the  pnpe  b^g  sKutuvd  elT  before 
lowering.  1  have  rarely  weighted  the  flai^,aMieiagh,  when  Hm  wattr  vslaclry  it 
bigb,  this  may  be  desirable^ 

EECect  of  Age  on' Pipe*. —With  the  doubtful  excqmoa  «f  wood  invt  |iipw, 
all  mains  as  they  grow  older  discharge  less  water  under  jntilar  oondiiions. 
This  decrease  is  caused  by  the  fcwmation  of  growths  and  tubercdatiotts  (m  *e 
inside  ai,  or  deposits  in^  the  pipes. 

These  are  due  to  many  causes,  and  the  methods  fm  tbeir  removal  vr  pM- 
v«aitioD  are  very  variable-  The  classification  given  by  Braws  (P.I££^  t*A. 
ig6,  p.  1)  seems  the  moK  natural,  and  is  as  fellows: 


Digilzed  by  Google 


DEPOSITS  IN  OR  Off  PIPES  4J7 

I.  Depotits  fanning  on  ifon  pipes  oa]y,  wbotly  or  paitially  coiuiMiiig  of 
the  mMak,  and  tbanCare  locaiiKd  at  or  near  imp^ecbonj  in  their  protective 
coating. 

II.  Depoaits  ocaming  oo  the  inner  suriace  of  pipes,  culverts,  rock  tnnnels, 
etc^  fanned  from  ubetances  existing  in  the  water,  and  therefore  not  localised 
by  impeifectioas  in  the  protective  coating. 

III.  Accumulatuma  of  loose  debris,  eidier  natural  to  tbc  water,  or  fonned 
ftam  deposits  of  the  fint  two  classes,  and  therefoie  accumulated  in  heUows, 
irregularities,  or  dead  ends  of  the  mains  or  channels. 

(i)  To  ths  Aral  das*  belong  the  weU-known  ''linipel"fbniM6ons,  occurring 
■■  iirm  pipM.  These  appear  to  ongtaate  in  all  watcn,  \i4«dwr  acid,  or  neiKral, 
and  are  apparently  entirely  due  to  pinholes,  or  flaw$  in  the  coating  of  at|dMlte, 
or  pitoh,  which  is  Eapponnl  to  protect  Che  metal.  Limpets  may  farm  a  con- 
(taBttis«ov«ring  ow  Itu  whale  interior  saiface  of  pipes  which  have  been  badly 
OMMd,  bat  aaeath  indi^dual  iDcraKation  apparantijp  nevu  attaim  a  «iie  greatly 
exceeding  dm  of  a  bcmiapbere  of  i  to  li  isclies  diaioeter,  the  thicknesa  of  the 
coadagr  does  not  Incmaae  indefiatitely.  Thus,  while  atnaU  p^ies  may  be  entinly 
Uccked  by  UnqM  inenstatianB,  a  large  main  is  at  the  wont  rarely  choked  by 
OHHc  than  i^  tnchae  of  crtittraction  all  round.  As  will  be  noticed  in  the  TaUe 
oo  page  442,  pipes  much  above  la  inchea  in  diameter  are  seldom  scraped. 

The  only  pravcntive  is  a  good  coaling  of  bttumen,  or  ptch,  in  smooth  and 
paiiKt  biTen.  Bacovn  {ttttt^ra)  specifies  that  the  futch  thooihl  he  &«c  from 
faydiDcarbons  which  volatise,  or  decompose  with  long  expoeuie  10  flowing 
WMSr. 

I  give  Angus  Smith's  original  apecificadoo,  and  would  twnark  that  the 
raMlts.  (due  to  th«  iKt  that  the  coal  tar  of  bis  period  is  aow  largaly  oowiuDed 
hf  dyea)  are  no  longer  aatisfaatofy.  The  origiiial  process  when  applied  to  a 
gattd  nixtuie  of  hydrocarbons,  yiol^  Bktia&K^tary  nesoHs. 

.  The  &at  coat  abouid  be  pot  on  the  dean,  hot  iron,  and  allowed  10  cool ; 
ibea  the  eeooad  should  be  applied,  care  bong  taken  that  it  is  not  tuOcicMly 
hot  to  neh  Ike  drst. 

Coating  should  be  effected  by  dipping  the  pipe  into  the  mixture,  and  ROt  by 
paiittiBg  with  a  tuiuh  immersed  is  the  Uquid. 

(ii)  To  the  sococud  class  belong  the  oMie  regular,  and  therefore  less  detri- 
locntal  iacruitatioot  of  carbosate  of  lime,  so  frequent  in  mains  conveying  wal«r 
comainiBB  bicarbonaus  of  lime. 

The  best  (»eventive  is  Clark's  water  softening  procesa  (see  p.  $91).  A 
saffifient  iBlervaJ  of  tkne  should  be  allowed  before  the  water  enters  the  inaiiu, 
for  the  completion  of  the  reaction,  specially  if  magnesia  saka  are  prewnt 

The  most  usual  method,  bowever,  it  to  Gcr^>e  the  pipes  periodically,  in  the 
manner  discussed  on  page  439. 

(iio)  Slime  is  a  deposit  of  blad:  substance,  occurring  not  only  in  pipes,  but 
also  is  OiinBelSi  btvkwork,  and  masonry  channcU.  Slime  coniaios  iron,  and  is 
apfiarenily  a  product  of  organic  life,  dependent  on  the  presence  of  iron  in  water, 
It  is  therefore  only  found  hi  waters  which  originally  contain  iron,  although 
there  is  a  certain  amount  of  evidence  to  show  that  an  acid  water  naturally  free 
froa  iron,  can,  by  contact  with  uncoated  metal  pipes,  acquire  enou^  iron  to 
support  the  growth  of  slitne. 

The  preventives  consist  in  the  removal  either  of  the  aigaiHS[n,0r  of  its  food; 
protective  coatings  having  no  eflect  on  slime  deposits. 
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The  most  usual  method  is  to  neutnilise  the  acidity  which  exists  in  such 
waters  by  means  of  lime,  or  sodai  This  effectually  prevents  the  growth,  prob- 
ably more  by  killing  the  organism  than  by  removing  the  iron. 

This  neutralisation  is  effected  by  filtration  through  powdered  limestone, 
either  mixed  in  the  sand  of  ordinary  filters,  or  in  special  filter  beds,  woddng 
at  a  high  velocity. 

Sometimes,  (aJthough  not  invariably)  simple  sand  filtration  is  e(IiK:tive,  and 
where  this  is  the  case,  it  is  unwise  to  also  add  limestone,  lest  the  caldum 
carbonate  type  of  deposit  be  encouraged. 

The  older  method  of  straining  the  water  through  extremely  fine  wire  game, 
is,  according  to  Brown,  only  effective  for  a  certain,  period,  and  sooiter  at  latcr 
slime  will  foim.    (See  p.  549). 

It  might  be  gathered  from  Brown's  paper  that  slime  is  a  common  occunence 
in  pipes  and  channels,  but  my  own  experience  is  that  it  is  extremely  rare,  except 
in  waters  drawn  from  lakes,  or  storage  reservoirs.  No  rules  can  be  given  for 
predicting  its  occurrence,  but  in  every  instance  of  which  1  have  heard  there  ii  a 
history  of  peaty  deposits  in  the  catchment  area  of  the  watershed  or  brook  from 
which  the  supply  is  procured ;  and,  as  already  stated,  the  water  in  its  natmal 
state  contains  iron,  and  is  acid  in  reaction.  It  may  also  be  noticed  that  slime 
deposits  rarely  occur  beyond  the  first  five  miles'  length  of  a  main, 

(iii)  These  deposits  are  generally  (rf  the  nature  of  «lt,  eidier  drawn  from 
the  source  of  supply,  or  derived  from  incrustatints  of  the  first,  or  more  luuaDy, 
the  second  class. 

Certain  waters  containing  manganese,  or  iron,  deposit  small  nodules 
composed  of  oxides  and  carbonates  of  these  metals.  As  a  rule,  such  watcis 
are  treated  by  deferrisation  (see  p.  584),  or  demanganisation  processes,' before 
entering  the  mains.  In  certain  cases,  where  the  supply  pipe  is  long,  the  whole 
of  the  deposit  occurs  in  the  main,  and  the  water  as  delivered  does  not  contain  a 
sufficient  quantity  of  the  above  minerals  to  give  rise  to  complaint.  AS  such 
loose  deposits  are  very  readily  brushed  out  of  the  pipes  by  means  of  the  rotaiy 
brush  used  by  Deacon  on  the  Vymwy  main,  and  described  in  the  Proeeetlitigi  tf 
the  InsHtuU  of  Mechanieal  Engineers,  1899,  p.  502. 

The  matter  is  of  great  importance  in  a  long  line  9f  pipes  crossing  a  series 
of  valleys,  as  the  nodules  accumulate  at  the  bottom  of  each  depression,  and  if  the 
water  velocity  is  not  great  enough  to  lift  them  over  the  next  hill,  they  form  aver)' 
efficient  frictional  brake, producing  a  more  andmore  marked  effect  as  time  goes  on. 

Angus  Smith's  Process.— Infonnation  on  the  exact  nature  of  the  process 
formerly  applied  by  Angus  Smith  is  somewhat  uncertain,  but  the  following 
details  are  given  by  Wood  {Ruitlesi  Coatings). 

■  Coal  tar  was  distilled  until  the  naphtha  was  removed,  and  the  material  was 
deodorised,  and  had  the  consistency  of  melted  wax.  Five  or  six,  or  ti*^ 
eight  per  cent,  of  linseed  oil  was  then  added,  and  was  well  stirred  in.  The 
pipes  having  been  cleaned  and  freed  from  all  sand,  scale,  or  dirt,  and  previously 
heated  to  500  degrees  Fabr.,  were  dipped  vertically  into  tbe  bath,  and 
remained  there  until  they  had  attained  a  temperature  approximately  equal  to 
thai  of  the  bath,  i.e.  300  degrees  Fahr. 

In  actual  practice,  it  appears  to  have  been  more  satisfactory  (owing  to  ashes 
from  the  furnace  becoming  attached  to  the  pipes)  to  dip  the  cleaned  pipes 
when  cold  into  the  bath,  and  to  allow  them  to  attain  the  tempcratuie  <rf 
300  degrees  Fahr. 


.Google 


COATING  OF  PIPES  439 

So  &r  «s  can  be  judgred,  tbe  tine  during  iriiich'  the  pipes  remained  in  the 
bath  (HNi^dy  30  minntea  for  30-inch  pipes,  and  from  i;  to  20  minutes  for 
4-h)ch  to  i3-inch  pipes)  was  the  most  Import&nt  factor  ;  although  it  was  found 
that  djstillatioa  of  the  coal  tar  to  a.  consistency  of  pitch  gaVe-  bad  results. 

.The  modem  equivalents  appear  to  be  compositions  of  pitch  and  hnseed  oil, 
heated  to  250  or  300  degrees  F»hr. 

Wood  states  that  a  mixture  of  nine  parts  of  pitch,  with  two  parts  of  boiled 
oil,  gives  a  good  coating,  and  that  if  the  oil  is  increased  to  three  parts  per  nine 
parts  of  pitch,  the  coating  is  thicker  and  requires  baking  after  immersion,  in 
order  10  produce  satisfectory  results. 

In  this  case  also,  the  length  of  the  immersion  seems  to  be  of  vital  import- 
ance, and  failure  must  usually  be  attributed  to  a  too  hasty  removal  from 
tbebath. 

In  modem  practice,  pipes  are  usually  coated  with  an  asphaltic  coating  of 
the  character  specified  by  Goldmark  (see  p.  460),  or  Brown  (see  p.  437). 

There  are  also  many  proprietary  articles  (usually'  paints  with  an  inflam- 
mable vehicle)  which  have  apparently  given  satisfaction  under  very  severe 
tests.  Care  is  needed  during  application  owing  to  the  inflammable  vapour 
given  off  by  the  paint. 

The  subject  is  an  important  one,  and  but  little  is  really  known  about  it. 
The  actual  &cts  appear  to  be  that  any  efficient  coating  is  costly,  and  as  the 
difference  between  efficient  and  non-eflicient  coatings  only  becomes  noticeable 
af^er  the  lapse  of  time,  experience  accumulates  but  slowly.  The  one  definite 
fact  is  that  "Angus  Smith's'  coating,  is  a  polite  expression  for  reliance  on  the 
maker's  experience. 

If  AngQs  Smith's  coating  is  specified,  the  pipes  when  delivered  should  be 
covered  with  a  smooth,  adherent  coating,  showing  no  flaws  or  pinholes,  and 
without  brush  marks.  It  is  doubtful  whether  any  maker  pretends  to  do  more, 
and  unless  special  experiments  have  been  made,  it  is  certainly  futile  to  ask 
for  mor& 

Clsasinc  and  ScsAp/kg  P//'ES.~The  general  character  of  the  deposits 
formed  has  already  been  discussed,  and  approximate  indications  will  be  given 
of  the  diminution  in  discharge  thus  produced.  Such  incrustations  or  growths 
can  be  removed  either  manually,  or  by  scrapers  ;  and  reference  to  the  formuls 
tor  "cleaned  cast-iron"  pipes  shows  that  a  discharge  equal,  or  very  nearly 
equal,  to  that  obtained  in  the  new  pipe,  may  be  expected  after  thorough  cleaning. 

I  do  not  propose  to  describe  the  methods  usod  cither  in  manual  or 
hydraiJic  scraping.  Hydraulic  scraping  is  far  cheaper,  and  is  practicable  in 
all  pipes  exceeding  four  inches  in  diameter  ;  curves  and  bends  of  any  ordinary 
radius  (3  feet  in  a  &-inch  main)  do  not  affect  the  process,  and  it  will  remove 
stones,  lead,  crowbars,  and  other  abnoimal  obstructions.  When  the  main  has 
been  designed  for  hydraulic  scraping,  and  is  properly  provided  with  hatch 
boxes  (see  Sketch  No.  133),  the  cost  is  very  small  in  comparison  with  the 
increased  discharge  obtained. 

Amongst  British  Engineers,  therefore,  it  is  customary  to  scrape  pipe  mains 
whenever  the  discharge  falls  off  sufficiently  to  seriously  interfere  with  the 
supply.  While  it  is  plain  that  a  Waterworks'  Manager  is  forced  to  maintain 
a  sufficient  supply  at  all  costs,  the  practice  should  be  entered  on  with  caution. 

As  already  stated,  the  limpet  form  of  incrustation  may  occur  at  every  point 
where  there  is  a  flaw  in  the  coating,  and  once  a  pipe  has  been  scraped,  for  all 
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practical  piuposes  it  roust  Ik  regarded  bs  aa  loagcr  coated.    Thus,  o 
coaveyingf  water  producing  tbe  limpet  Emtd  of  incrmtatioii  bsve  tec 
it  may  be  anticipated  that  a  renewal  of  the  pracew  will  bBcome  ncassair  at 
very  frequent  intervals. 

The  water  mains  sui^lying  Torquay  (Devonshire)  are  a  typical  tsaas^ 
Here,  according  to  Ingham  {Engineering,  New.  3rd,  189^  a  9-inch  and  a 
lo-inch  main  laid  down  in  1859  was  first  scraped  in  1866,  ai 
found  necessary  to  renew  the  process  yearly. 

The  quantities  discharged  by  tbe  nuun  wore  as  follows  e 


DuchaiEC  In  gallonl  per  minuU.                 1 
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We  thus  see  that  in  the  first  eight  years  the  pipe  coated  with  Angus  Smith's 
composition  lost  49  per  cent,  of  its  discharging  capacity.  Tb^rvafler,  one  yew 
sufficed  to  reduce  tbe  discharging  capacity  by  at  least  20  per  cenf.)  and  often  by 
as  much  as  30  per  cent 

Ingham  also  gives  figures  showing  that  the  effect  of  these  thirty-two  years' 
scraping  has  been  to  remove  a  volume  of  iron  equal  to  ^inch  thicknes*  all  round 
tiie  circumference  of  the  pipe. 

This  may  be  regarded  as  a  case  of  water  possessing  abDOnnal  incrusduf 
qualities.  At  Melbourne,  Victoria,  the  water  has  sicnilar,  but  less  marlaed 
characteristics.  Here,  it  is  found  necessary  to  scrape  pipes  originally  properly 
coated,  ten  or  Nieen  years  after  laying,  and  thereafter  every  five  or  seven  years 
(Ritchie,  P.I.C.E.,  vol.  157,  p.  315). 

It  must  also  be  noted  that  the  Melbourne  engineers  lake  extreme  care  to 
damage  the  pipe  coating  as  little  as  possible,  and  it  is  fairly  evident  that,  when 
compared  with  the  original  process  at  Torquay,  they  are  tolerably  successful. 
There  are  certain  indications  that  the  coating  of  the  Torquay  new  main  was 
but  little  damaged  by  its  first  scraping  J  the  design  of  scrapers,  being  now  better 
understood. 

We  may,  nevertheless,  consider  that  in  waters  of  this  character  scrainng  is 
a  luxury, — and  an  expensive  one, — unless  the  jiressures  in  the  mainare .Mich  thai 
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a  diminution  of  the  pipe  tluclmeu  by  i  inch  can  be  rq;aided  as  immaterial  from 
the  point  of  view  of  strength.  On  tbe  other  hand,  where  the  incruitatioos  are 
derived  whirfly  from  the  water  {e.g.  in  the  case  of  carbonate  of  lime  deposits), 
scraping  is  unlikely  to  lead  to  an  increased  rapidity  of  incrustation,  and  may 
therefore  be  adopted  with  far  less  diffidence.  It  is,  however,  a  rather  curious  fact 
that  scraping  has  mostly  been  adopted  in  pipes  carrying  limpet  inciusting  waters, 
and  it  may  be  infeired  that  carbonate  deposits  are  less  effecdve  in  diminishing 
the  discharge. 

It  therefore  appears  that  in  limpet  incrusting  waters  not  only  should  the  pipe 
line  be  provided  with  hatch  boxes  (Sketch  No.  123)  for  inserting  the  scrapers, 
but  wherever  the  thickness  is  determined  by  strength  calculations  (and  not  by 
practical  conditions  of  casting)  an  extra  ^  inch  to  |  inch  should  be  allowed,  in 
order  to  provide  for  the  gradual  consumption  of  metal  by  the  "  limpets."    In 


SkbtCH  Ito.  133.— Sci«pet  Hatch  for  4-iiich  Kpe. 


m^ns  carrying  waters  which  produce  incrustations  of  calcium  carbonate,  it 
appears  preferable  to  increase  tbe  size  of  the  pipe  so  as  to  allow  for  a  deposit  of 
i  inch  in  thickness  all  round,  rather  than  to  remove  the  growth  as  formed,  by 
■craping,  because  a  deposit  of  calcium  carbonate  increases  but  slowly  in  depth 
after  the  int  ^  inch  has  been  accumulated,  and  such  deposits  are  usoally  not 
TtMigher  (hydraulically)  than  a  cast-iron  pipe. 

Few  data  exist  at  present  for  slime  deposits.  Afirieri,it  appears  that  scrap- 
ing may  be  undertaken  without  increasing  the  rate  of  iDcrustalioft ;  but  it  seems 
more  logical  to  prevent  deposit  by  previous  treauneitt  oi  tbe  water. 

The  following  table  is  of  value  as  giving  rough  ndicationi  of  the  increase  in 
discharge  secured  by  scraping  ;.  or,  more  accurately,  of  the  diminnlion  in  dis- 
cbaige  which  engineers  eonsider  sufficiently  serioua  to  justify  the  praoess.  The 
increaie  ia  calculated  on  the  discharge  before  treatment. .  The  small  proportion 
of  pipes  exceeding  IS  mches  in  diametec  should  be  noted.  The  Bombay  24-inch 
pipe  (which,  even  after  scraping,  only  gave  o'8i  of  .its  dischacge  «4wn  new}  is 
[,  a«  indicating  dM^^OSsibilities  eCincnratation  in  tropical  cUortatcs. 
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DiaincileT  of  Hain 


of  increue.         | 


Aberdeen 

Oswestry  . 

Omagh 

Bridge  of  Allan 

Thurso     . 

.Cowdenbeath 
:  Cupar,  Pife 

Lanark  . 
I  Lancaster 
'  Burntisland 

Torquay  . 

Whitehaven 

Merthyr  Tydvil 

Waterford 

Merthyr  Tydvil 

Bradford . 

Bombay  . 

Boston     . 


It  seems  advisable  to  state  that  all  these  waters  are,  I  believe,  of  the  limpet 
incnuting  type.  Calcium  cartxinate  and  similar  deposits  have  been  removed  by 
scraping  at  Roublaix,  Bath,  and  Southampton,  and  probably  at  other  [daces, 
but  figures  are  not  as  yet  available. 

Formula  Expressing  the  deterioration  of  Cast-Iro!N  Pipes  with 
Age.— Weston  {Tram.  Am.  Sac.  of  C£-,  vol.  3s,  p.  289)  gives  a  f<Kinula  ex- 
pressed in  terms  of  Darcy's  coefficients.  When  transformed  so  as  to  express  the 
decrease  in  discharge,  it  becomes : — 

r,     ,.  . ,.  ,  Discharge  when  new 

Discharge  at  the  age  of  ^  years  =       ,         - 

Tutton  {ut  supra)  goes  into  the  matter  more  in  detail,  and  finds  for  asphalte 
coated  cast-iron  pipes  :— 

New !/« [75  r*r" 

Slimy,  say  one  year  old  , w=t4or-*'r" 

Very  lij^lly  tubercutated,  say  four  years  old  .                ,  v=\-^r'^  s*^ 

Do.,  say  she  years  old »=i34f-**r" 

Lightly  tuberculated,  aay  eight  years  old  .  .  .  w=  r  16  r*  r" 
The  average  state  of  distribution  mains,  say  ten  years 

old vaioBr-^r" 

Fourteen  years  old,  varying  with  the  amount  of  tuber- 

culedon  ,  .  .  ,  .  ,  ,  ,  ,  «/=ioor"*' f" 
Eighteen  years  old,  varying  with  the  amount  iirftiAer- 

cnlation        ...■..,.'..  »=  gor-^r" 

Very  heavily  tuberculated,  twenty-five  years  ^d    .        .  »■=  So  r^  J* 


ly  Google 


EFFECT  OF  AGE 


443 


This  set  of  formulx  (although  doubtless  somewhat  complicated),  in  my 
opinion  very  accurately  represents  the  actual  eflfccts  of  age.  Not  only  does  the 
constant  Ci,  decrease,  but  the  loss  of  head  varies  as  a  higher  power  of  the 
velocity,  as  the  age  of  the  pipe  increases. 

Hill  {Froc.  of  Ameritoji  Assoc,  of  Walenaork^  Engineers,  1907,  p.  353) 
gives  a  taUe,  which,  with  the  addition  of  five  cases  given  by  Bruce  for  pipes  at 
Bombay  {P.I.CE.,  vol.  162,  p.  139),  and  four  by  Weston  {ut  supra),  is 
as  follows  : 


DiuDdn 

Afis 

Percentage 

ofPipe. 

Coating. 

in 
Yeits. 

HUl's  Theoretical  Value 
whencle«n. 

in  DiscbaiBC 
per  Year. 

6  inches 

% 

•3 

3 '6  from  values  of  751083 

A'^ 

10     „ 

6 

2-3       „         „          91;  to  16* 

'■i 

'»     » 

(?) 

6-8       „         „          9610.03 

6-8 

12          „ 

(?) 

27       „         „          9610  104 

1-7 

14    ,, 

(?) 

1-2          „             „            10410108 

l'2 

16    „ 

Angus  Smith 

8-5 

2-1         „            ,.           116 

1-8 

16    „ 

Tar 

1'2           „             „            10710110 

I -I 

16    „ 

(?) 

i-o       „         „        16710110 

09 

20     „ 

Tar 

4-a       »         >■         11710123 

37 

ao      „ 

Tar 

3-0      ..        ..        "8 

3*3 

»4      « 

.Tar 

67       „         „        u8toi23 

5-6 

M      .. 

Angus  Smith 

ri       ..        »        in. 

0-9 

14      „ 

Angus  Smith 

1-6      ..        ..        i^ 

i-i 

'4      .. 

Angus  Smith 

2-3       ..         »        "3 

'■9 

30      „ 

Tar 

73       "         ..        ii8toi23 

6-8 

3«      » 

Angus  Smith 

I'o       „         „        ii8toi23 

0-8 

36      „ 

Tar 

9-1   .    ,.         „         1241012; 

7  3 

48      „ 

Tar 

2-1       ,.         „         143 

'"S 

48      „ 

Angus  Smith 

8 

39       ..  '       »        "43 

2-8 

48      „ 

Angus  Smith 

to 

i-o      ..,         ..        143 

07 

The  formula  here  used  is  the  usual  one  v=C'^rs,  and  the  values  of  C,  given 
are  those  for  a  clean  pipe. 

Where  only  a  single  value  of  C,  is  given,  it  is  recorded  as  the  result  of 
experiments  on  a  new  pipe  (not  necessarily  the  same  pipeX  and  some  of  these 
I'atues  appear  to  me  to  be  abnormal. 

It  will  be  pUin  that  the  annual  rate  of  decrease  in  C,  is  not  constant  but 
bUs  oft  as  the  age  increases. 

Hill  determines  the  value  of  C,, for  new  pipes  by  a  special  fbrmula  ;  which, 
in  some  cases,  gives  v^ues  differing  as  much  as  s  pc  cent  from  those  obtained 
from  Tutton's  formula;.  In.  calculating  the  percentage  of  decrease  most  weight 
should  therefore  be  given  to  figures  which  agree  fairly  closely  with  those  stated 
by  Tutton.  According  to  Hill,  the  perceotage  of  decrease  in  the  discharge  of  a 
pipe  is  afTected  by  the  velocity  of  the  water  in  the'  I)i]>es ;  but  the  matter  is 
obviously  not  of  great  practical  importance. 

The  experiments  recorded  by  Brackett  {Tram.  Am.  Soc.  of  CJS.,  voL  aS, 
p.  169),  giv^  the  following  results  ; 
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The  above  figures  caa  hardly  be  cootidered  as  nonnal,  as  the  pipes  wen 
not  coated.  As  a  single  example  of  a  pipe  apparendy  unaffected  by  age, 
Friend's  {P.f.C.E.,  vol,  iig,  p.  27i)value  of  C  =  ii4,for  a  3i-inch  pipe,  nine 
years  old,  may  be  noted.     Many  others  could  be  collected. 

It  must  also  be  bome  in  mind  that  the  character  of  the  incrustatioa  has  bi 
more  effect  on  the  discharge  than  the  age  of  the  pipe.  Limpet  incrustatioiu 
present  a  very  irregular  surface  to  the  water,  and  cause  bumps  and  blebs  on  tht 
interiors  of  the  pipe.  They  are  therefore  far  more  effective  in  diminishing  the 
discharge  than  caldum  carbonate  incrustations,  since  these  are  not  Mtlt 
smooth  in  themselves,  but  form  an  approximately  continuous  coating  all  ov« 
the  interior  of  die  pipe. 

Slime  deposits  seem  to  act  very  much  in  the  some  manner  as  weeds  in  a 
river.    The  strings  of  slime  wave  in  the  water,  and  produce  a  braking  action. 

So  far  as  can  be  traced  from  the  original  records,  the  figures  tabulated 
above  refer  to  limpet  incrustations. 

DARcy  FoK»fVLA.-~-T\i^  Darcy  formula  for  the  discharge  of  cast-inui  pipes 
is  both  frequently  referred  to  and  used  by  engineers. 

Putting  Unwin's  modification  (see  Emyc  Brit.,  Article  "  Hydro 
p.  485)  into  the  form  tf^CVrj,  we  get: 

(«}  Clean  and  tmcoated  cast-iron  pipes-: 


^: 


{i)  Slightly  incrusted  cast-iron  pipes  : 


Vr 


(c)  New  cast-iron  pipes  coated  with  pitch,  no  incrustations ! 
t39'3 


V'  +  T^ 


where  rf,  is  expressed  in  feet. 

The  original  experiments  do  not  extend  beyond  about  1/=  \-t  foot  Tlie 
accuracy  of  the  formula  even  Vithin  these  limits  is  probably  not  as  gieat  as 
Tutton's.  It  is,  however,  very  greatly  in  favour  with  engineers  who  maintain 
their  mains  in  flrst-ctass  condttioD,  I  believe  this  is  due  not  so  much  to  the 
(act  that  the  formula  applies  well  to  such  mains,  as  that  it  gives  a  very  excellent 
"concealed  factor  of  safety,"  especially  in  the  larger  sizes. 

Ca«t-Iron  Pipea.— Thiekaen  of  Pipe  Metal.— The  theoretical  fbtmola  (bt 
the  Sickness  of  a  cylinder  D,  inches  in  diameter,  exposed  to  an  internal 
)>ressDrc  equal  to  p,  Vat.  per  sqnare  inch,  is  ^ven  by  Grashof  as : 
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4»S 


wfaire  F,  Is  the  pwinimMe  Kmih  siMm  «»tk«  iMmrifl)«f  Ac  Cftirtdar  i»)bs. 
pn  9^ii«re  hidi,  md  irticve  ii  is  Bssmied  ttat  >,  IB  1«B  Au  }  F. 

Now,  for  cast-inm,  Uniria  {MoMiie  Design,  1903,  voL   11,  p.   ic/f,  p«l» 
F^i^o^  and  ttma  gets :  ' 


,Lb^p=,S,u«=Ird,; 

/FeMHe«dotW«lcr. 

75 
135 

173 
>43 

etc. 

0*09t 

o'03o 
0-039 
0-048 
etc     ;     ■ 

The  actual  dimensions  of  cast-iron  pipes  can  rarely  be  fiiced  by  tliis  rule. 
The  static  head  of  water  on  the  pipes  seldom,  if  erer,  correctly  specifies  the 
maaimnm  stress  that  the  m^ns  may  be  called  on  to  sust^n,  since  the  stresses 
due  to  unequal  earth -pressure,  or  water  haaamer  (to  mention  onty  two  possible 
causes^  may  latjfely  exceed  those  calculated  by  the  above  equation.  We  aie 
therdbcc  lAliged  to  (all  back  on  practical  rules. 

Hawksley,  some  sixty  yeais  ago,  gave  the  following  rule,; 

J'h-o-i8VD  inches.  .    [locbea] 

This  may  be  considered  as  resulting  in  but  few  breaks  either  from  earth  or 
water  pressure,  or  from  water  hammer.  Far  smaller  sizes  of  pipes,  it  is  also 
not  very  far  from  the  minimum  thickness  that  a  founder  is  willing  to  cast 
without  charging  abnormal  rates  to  msure  against  possible  foilure. 

Tliis  minimmn  thickness  is  giren  by  Unwin  as  : 

fM^o-iiV5'+o-ioipcbes.  .    [lotbea] 

Thus,  puttmg  H,  for  the  feet  of  water  diat  produce  a  pressure  of/,  lbs.  per 
square  inch,  we  get : 


D 

tm 

(a 

Inches. 

Inches. 
033 

Inches. 

4 

0-36 

0-41 

OS' 

13 

t>-48 

.o-fi2     . 

I« 

0-54 

0-73 

30 

0-59 

o-8o 

>4 

0-64 

0-88 

30 

0-70 

0-99 

36 

0-76 

i-oS 

o-8i 

48 

e-66 

i-»5 

54 

O^l 

1-33 

0*95. 

1-40 

oiH 
Feet. 


600 
400 


84 

75 

ess  than 


315 


Less  than't 

170     / 

Less  than  l- 


370 

1,370 

3,350 

6,310 

.  io,6qo 

16,400 

37,780 

43.740 

61,560 

84,970 

ii3.3*»o 

»45.*»; 
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Now,  if  we  compare  these  figuFM  with  the  theorotical  value  of  /— C*  mj, 
found  by  Grashofs  equation,  it  appears  that  A,=/o  for  the  valuu  of  A^  % 
tdxilated  above. 

With  a  view  to  obtaining  an  iosight  into  the  capacity  of  pipM  of  a  diameter 
D,  and  thickness  tm,  to  resist  unequal  earth  pressure,  I  have  also  tabulated  the 
concentrated  central  load  in  pounds,  which  will  produce  a  stress  of  1850  lbs. 


Brifish    Tyfx 

Sketch  No.  I34.-^Proportioni  of  Britbb  uid  Standud  AmcHcao  I^pe  Joints. 


-  =4o(D+3/«)»<'„,appro3c 


[IndM] 


per  square  inch,  in  the  metal  of  the  pipe,  when  regarded  simply  as  a  su[q»rted 
beam  of  iifeet  span,  from  the  fonnula  : 

32  D+z/.  36 

A  consideration  of  these  figures  shows  that  while  small  pipes  of  thickness  /., 

have  ample  strength  to  resist  ordinary  internal  pressures,  they  are,  reUtirdy 

speaking,  more  likely  to  be  fractured  by  straining  actions  arising  from  raequal 

earth  pressures  than  the  larger  sizes.     U  is  fairly  evident  that  Hawksley's  rule 
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gives  a  pipe  which  is  adequately  safe  againtt  «Kf  ordinaiy  valties  of  water 
pressure,  and  alto  against  any  probable  valuet  of  beam  loading  produced  by 
unequal  su]^>ort- 

We  may  therefore  regard  Haviksley's  rule. as  a  safe  standard  which  may  be 
worked  from  either  up  oc  down,  acjcording  as  circumstances  aie  less  or  more 
favourable.  Jut^ng  by  general  practice,  the  excess  of  strength  given  by 
Hawksley's  rule  is  greatest  for  diameters  between  i  S  inches  and  30  inches. 

The  American  Waterworks  Engineers'  Association  recommends  the  thick- 
nesses given  in  Table,  page  44B,  for  pipes  under  the  tabulated  pressures. 

The  cast  iron  is  specified  to  bear  a  central  load  of  3000  lbs.  and  to  show  a 
deflection  of  not  less  ihan  030  inches  before  breaking,  in  a  bar  26  inches  long, 
2  inches  X  i  inch,  lo^ed  on  a  24  inch  span,  lying  on  its  flat  side  ;  or  to  show 
30,000  lbs.  per  square  inch  in  tensile  strength. 

The  pipes  are  cast  in  dry  sand  moulds,  in  a  vertical  position,  with  faucit  end 
downwards. 

Pipe  Joints. — The  opposite  sketch  (No.  124)  represents  an  English  pipe 
joint,  and  the  American  Standard  (Proc.  0/ American  Assoc,  of  Waterworks 
Engineers,  1908,  p.  779) : 


[All  QUAKTITTBS  itf  Inches'\ 

English  (Unwin,  ut  supra) 
h^y^  t-^^  inches. 
/(orcnsD+J  inches 

to  '0350  + -6  inches. 
'  '(■-'045D+-0S  inches. 
J— -oiD+'as  inches 

to  ■oiD+'375  inches. 
*i  =  -o7SD+2j  inches. 

/^'o9D-|-2J  inches 

to'ioD4-3  inches. 


[NOTATrON  AS  IS  SKETCHES] 

American  (Waterworks  StandariiO 
(see  Table  p,  448). 
*S7  inches+'oaD  approx. 

'1=2/,— i'i4  inches-i-'o4D  approx,  , 
'40  inches  up  to  D  — 14  inches 
■50  inches  above. 

3*50  inches  up  to  D=6  inches 
4'oo  inches  up  to  D— 24  inches 
4-So  inches  up  to  D 136  inches 
5'oo  inches  up  to  D— 48  inches 
5'^  indies  tibove. 
#4='o3D  +  i  inch.  i'5  inches  up  to  D*<  14  inches 

17s  inches  tip  to  D— 30  inches 
zt»  inchee  up  to  D=48  inches 
3*35  inches  up  to  D^  72  inches. 
R— i-io  inches  up  to  D=  14  inches 
I'I5  inches'upto  Dnzo inches. 
*  -It^-s 
X —I  inches  up  to  D^6  inches 

I  inch  beyond. 
V«i,\  inches  up  to  D— 6  inches 
^  inch  beyond. 

The  value  for  t^  in  the  American  standard,  depends  someiriiat  on  the 
pressure  ;  the  valoes  being  usually  increased  by  0-05  inch,  when  the  piessures 
exceed  300  feet  head.    .The  tabulated  value  is  a  mean. 

The  dimensions  for  pipes  under  pressures  greater  Ihan  400  feet  head  require 
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special  calcnlstton  ^  Grashofs  fomwla.  The  gOMtal  eflfect  is  moBt  maiked  ii 
lire  dttRcnsions  ^i,  ij,  and  ^4,  which  should  be  increased  t^  o- 10  inclws  for  ead 
extra  100  feet  head  above  400  feet  The  American  standards  rws  np  to  800 
feet  head,  but  it  is  donbtfol  whether  cast  iron  is  on  economical  material  for  sudi 
pressures,  unless  lite  pipes  are  either  of  small  djameter,  or  are  exposed  to  iiKaue 


D 

Pressukb. 

Under  roo  Feef 

Under  200 

Under  300 

u»k.w> 

Head. 

FeitHad. 

FeMHod. 

FMtHrad. 

4 

o'4a 

0-4S 

048 

0-5. 

8  ,       .         . 

0-46  , 

056 

0-60 

12            .            . 

054 

062 

0-68 

0 

;s 

16 

060 

0-70 

080 

0 

89 

ao 

0-67 

o-8o 

0*93 

I 

03 

«« 

076 

0-89 

104 

1 

li 

30 

088 

103 

1'30 

I 

37 

Jfr        .        . 

0-99 

1*15 

■■3« 

t 

S8 

42 

1-28 

•■54 

t 

7S 

48         .        . 

116 

1-42 

1-71 

1 

56 

54         . 

135 

'•55     ■ 

i-g<. 

"3 

60"       . 

*-39 

1-67 

•38 

Test  Prbssdbe— 

Up  to  ao  in. . 
Above  30  in. . 

300  lb.  per  sq.  in. 

300 

300 

300 

1501b.  persq.  in. 

■SO 

300 

Dss/eff  i3f  JoiHTS  is  CAST^KfiN  /•//>*.?.— Sketches  No.  125,  No.  126, 
and  No.  127  show  dcMgni  for  large  pipe  joints. 

No.  12;  is  that  adtqrted  at  Staines,  and  may  be  regarded  as  the  practice  rf 
the  London  Water  Companies  in  the  year  1898. 

Theitnel  shrunk  ring,)*  catUy,  being  pincbcally  equivalent  to  another  Ion  of 
metal ;  although,  now  that  tke  device  has  ceased  to  be  novel,  the  expense  may 
be  reduced  by  onchalt  It  has,  bowever,  the  great  advantage  of  rendering 
breakagd  eltnost  impossibte  duriag  layiag  or  transit  (I  have  no  record  of  any 
having  accuned)i  The  pipe  as  a  whole  is  easily  cast,  and  while  there  b  ■» 
^top  to  retain  the  lead  jointing,  this  b  not  required  with  skilled  worfcDwn- 
Similarly,  there  is  no  b^ul  on  the  spigot  end,  rendering  adjustment  of  each 
length  (so  as  to  secure  a  continuous  inner  surface  to  the  pipe),  a  process 
necesiitaliiig  some  skiU. 

The  design  nuty  be  coMidered  as  suitable  in  cases  where  the  labour  b 
efficient,  and  the  trenches  are  kept  quite  free  from  water.  1  am  indioM)  » 
believe  that  the  steel  liaf  was  unneceBsary  in  this  particular  caM,  vatx  all 
portnnnof  the  woric  were  easily  acoHsible.  On  the  other  kand,  the  pipes  were 
laid  under  railways  and  roads,  cvrryiag  heavy  tnrlBc,  and  a^bRak  in  after  ;eais 
Dught  have  been  serious. 


Digilzed  by  Google 


JOINTS  OF  CAST-IRON  PIPES  449 

Sketch  No.  136  ibowa  the  pipe  joint  used  at  Detrtnt,  for  jo-inch  pipe*,  with  a 
smali  stop  for  lead,  and  a  bead  on  the  spigot  end.  The  tatter  rutders  good 
adjustment  of  the  pipe  lengths  more  certain  ;  but,  as  designed,  reitders  it 
difficult  to  cast  the  pipe  some  4  inches  loqger  than  the  working  length,  in  order 
that  the  accumulated  impurities  may  be  removed  by  cutting  off  this  4  inches  in 
a  lathe.  The  stop  is  small,  and  while  it  may  prevent  unsldUed  work  in  a  joint 
ruD  with  molten  lead  coming  to  grief,  it  is  not  sufliciendy  large  to  be  of  real 
assistance  in  retaining  a  joint  made  with  lead  wool,  or  leadite,  caulked  in  cold 
(when  the  trench  is  not  properly  freed  from  water). 

Sketch  No.  136  also  shows  a  joint  with  a  deep  stop.  This  is  advisable  in 
cases  where  the  jointers  are  unskilled,  or  where  ii  is  expected  that  cold  caulked 
joints  will  frequently  occur. 

Such  a  pipe  would  probably  be  extremely  difficult  to  cast  with  the  spigot 
end  upwards,  and  we  can  only  hope  to  get  rid  of  impurities  by  large  heads  over 
the  faucit  end,  which  is  obviously  a  less  perfect  way  than  that  adopted  where 
the  spigot  end  is  cast  upwards,  and  an  extra  4  inches  of  the  pipe  are  cut  off. 


Skbick  No.  135.— Jomt  lued  at  Staines. 

Modem  methods  of  casting  will  produce  a  very  satisfactory  pipe  with  head 
removal  only.  Broadly  speaking,  this  design  asks  the  foundry  to  do  all  the 
skilled  work,  and  gives  the  actual  pipe  layer  every  possible  assistance.  The 
Staines'  design,  however,  gives  the  foundry  man  the  easier  task,  and  expects  the 
byers  and  jointers  to  be  first-class  workmen,  and  the  trench  to  be  kept  very 
free  from  water.    The  Detroit  design  is  probably  the  most  equitable. 

Summing  up,  it  would  appear  that ; 

(i)  Deep  stops  and  a  bead  are  indicated  in  cases  where  the  actual  laying  is 
difficult,  and  especially  where  labour  is  scarce,  and  water  is  likely  to  occur  in 
the  trench.  In  pipes  less  than,  say,  24  inches  in  diameter,  a  bead  is  almost  a 
aecessity,  if  the  pipe  line  is  to  be  laid  with  an  approximately  continuous  inner 
9ui£u:e. 

(ii)  A  steel,  shrunk  ring  is  indicated  where  the  mains  are  laid  in  inaccessible 
places  (ff.  on  a  steep  hillside,  or  under  rivers),  also  when  laid  under  roads 
subject  to  heavy  traffic. 

(iii>  Deep  stops  and  beads  require  skilled  casting,  and  therefore  good  inspec- 
tion, before  the  pipes  are  accepted. 

A  bead  can  of  course  be  cast  say  J  inches  long  and  the  top  4  inches  rejected 
29 
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at  the  cost  of  some  additional  lathe  work.  Similarly,  it  might  be  advisable  to 
provide  pipes  with  deep  specially  turned  stops  for  use  in  river  crossings,  and 
other  localities  where  water  cannot  be  entirely  removed,  although  it  must  be 
remembered  that  cold  run  joints  are  undesirable. 

Turned  and  bored  joints  were  frequently  employed  with  satisfactory  results 
in  India,  when  skilled  jointers  were  quite  unprocurable.  Of  late  year?,  bow- 
ever,  the  lead  joint  has  almost  entirely  superseded  it.  A  turned  and  bored  joint 
is  quite  justifiable  where  pipe  laying  is  a  novelty,  but  its  expense  is  so  great 
that,  as  soon  as  large  jobs  are  undertaken,  it  becomes  cheaper  to  train  jmntets 
specially  for  the  work.    (Sketch  No.  13S,  p.  596.) 
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Sketch  No.  136.— Joints  used  at  Detroit  and  British  Joint  with  Deep  Slop. 

The  design  shown  in  Sketch  No.  128  follows  Bateman's  practice  {PJ.C.E.,  vol 
13^^  p.  14).  The  combination  of  tubes  of  uniform  thickness  and  a  separate 
joint  ring,  also  of  nearly  uniform  thickness,  is  obviously  well  adapted  to  prevent 
internal  stresses  caused  by  unequal  shrinkage  after  casting.  The  design,  how- 
ever, has  not  been  widely  copied  ;  and  this,  I  believe,  is  due  both  to  difficulties 
in  laying,  and  to  greater  liability  to  leakage.  The  Coolgardie  pipe  joint  is  of 
this  type,  and  the  deeper  stops  for  rings  exposed  to  high  pressures  show  a  nice 
graduation  in  design.    (Sketch  No.  132.) 

Pipe  LAYWc—Tba  following  specification  was  employed  at  Stones  by 
Messrs.  Hunter  &  Middleton  : 

(a)  The  pipes  ate  to  be  cast  of  best  No,  2  pig  iron,  second  melting,  cast  from 
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8  cupda,  and  *K  to  have  the  bore  perfectly  strai^t  and  cylihdricaJ,  and  the 
diickness  exiK!tl](  unifonn. 

(6)  They  are  to  be  cast  vertically  in  dry  »and,  with  faucit  end  downwards, 
and  they  must  all  be  clean  and  solid  without  sand  holes,  air  boles,  or  any  other 
flaw.,     . 

ie)  They  must  be  cast  with  a  6-inch  head  of  meta!  t 
this  is  to  be  aftorwaids  cut  ofTin  a  lathe. 

((0  The  pipe  trench  must  be  taken  oat  to,a  width  of  6  inches  greater  than 
the  outside  diameter  of  the  pipes,  and  a  batter  of  3  inches  per  foot  <rf  depth 
will  be  allowed  in  the  sides.  '  .  ■    .  , 
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Modem  &rilisti30kMt 

Skktch  No.  137.— Joints  used  at  Muicheslci  and  London. 

(')  A  laucit  hole  3  feet  6  inches  long'  by  9  inches  deep,  mutt  be  ecKavated 
round  each  joint,  but  the  body^of  the  pipe  most  be  bedded  solid  tfaroug^hout  its 
entire  length. 

(/)  The  pipes  are  to  be  jointed  with. lead  and  yam.  The  Joints  are  to  be 
made  by  having  the  faucit  caulked,  with  good  hemp  rope  yarn,  within  2}  inches 
of  the  (Mitside,  and  the  space  left  is  to  be  run  full  of  lead,  which  muat  be  properly 
staved  np  with  a  caulking  iron  and  a  4-pound  hammer,  so  as  to  be  flush  with 
the  faucit  when  finishedj  and  perfectly  water-tight.  The  lead  used  must  be 
best  sc^  pig,  and  a  sufficieot  quantity  must  be  mdted  at  a  time  to  finish  each 
joint  at  one  running. 

The  foUoving  Qonupents  may  be  tnade; 
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Clause  («).  The  maierials  and  process  specified  were  those  geacraUy  used 
at  the  time  doriDg  which  the  Staines  reservoirs  were  bein^  constTOCted.  It  is 
doubtful  whether  at  present  the  clause  iDeans  aay&ing  except  "best  modem 
I»actice."  The  teal  security  against  bad  metal  lies  in  clauses  (^)  and  (c),  kdA 
the  test  under  pressure,  and  if  the  founders  can  satisfy  these,  any  tnterfereoce 
with  materials  or  methods  seems  to  be  unnecessary. 

Clause  (d).  This  clause  merely  specifies  the  quantities  erf  earthwortc  to  be 
paid  for.  The  results  are  usually  sooiewhat  in  excess  «f  the  quantity  actually 
taken  out  from  a  timbered  trench.  Contfactors,  for  some  obscure  reason,  always 
raise  the  question  of  "batters  on  the  faucit  holes." 

Clause  (f).  A  very  necessary  clause  indeed,  which  might  be  supplemented 


Srictch.  No.  128.— Collar  UEcd  at  Manchester. 

by  a  direction  to  joint  each  pipe  in  place,  and  adjust  true  to  grade  and  line  hy 
^'level  and  theodolite"  in  cases  where  the  head  available  is  cnall. 

Clause  </).  This  clause  practically  means  that  the  whole  length  of  kad 
joint  is  to  be  caulked  round  twice,  and  is  to  be  compressed  about  a  qnancr  o€ 
an  ind  in  the  process.  The  use  (^  hemp  yam  has  been  objected  to,  and  it  is 
now  believed  to  be  sometimes  detrimental  to  the  quality  of  the  water.  Jointing 
by  lead  alone  requires  more  skill.  Jointing  with  )e&d  wool,  or  so6  wtwd  w«dgcs 
is  a  makeshift,  which  is  sometimes  resorted  to  when  water  cannot  be  kept  om 
of  the  trench  so  as  to  enable  molten  lead  to  be  used.  Some  of  the  patented 
lead  "  wools  "  will  produce  very  good  work  in  the  hands  of  a  sldUcd  man.  The 
Joint,  however,  must  be  specially  designed  if  these  articles  are  used. 

Sketch  No.  129  shows  the  details  of  timbeni^  aad  the  methods  of  lowering 
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a  4S-iiicb  pipe  into  a  deep  trench.  The  timbaring  is  ununially  heavy,  but  even 
so  it  is  plain  that  the  excavation  should  not  be  kept  open  longer  than  is  jibsol- 
utely  necessary.  It  is  also  pl^n  that  a  pipe  much  exceeding  48  inches  diameter 
would  be  very  difficult  to  handle  in  a  timbered  trench  unless  the  circumstances 
were  very  favourable. 

Large  Wxcuoht-Iron  or  Steel  Rivetbd  Pipes.— These  pipes  are 
largely  employed  in  America  for  water  works,  Hamilton  Smith  (Ifydraulies, 
p.  365)  states  that  their  discharge  (when  coated  with  asphalt)  is  the  same  as 
that  of  well  made  cast-iron  i»pes,  similarly  coated.  This  we  now  know  to  be 
nntrue  in  large  sjws.  The  facts  have  been  collected  by  Herschel  {//j  Experi- 
MUtUt  on  ...  ^  large  riveftd  Metal  Cendvit>\  and  the  following  table  is  a 
resum^: 

VALUES  OF  C  IN  v=Q^7i  FOR  NEW  RIVETED  PIPES. 


Wameter.         1 73  Inches. 

48  Inche.. 

43liiche.. 

38  Inches. 

Jdnls.             j  Cylinder. 

CyliiKkr.  '  T.pct. 

T.p.,. 

Cylinder. 

Velocity.          i 
I  Foot  per  sec  '      no 
3      ,,        „        1      no 
5      ••        n        1      108 

109 
"3 

9; 
104 

■OS 

96 

"3 
"3 

J04 
loS 
108 
108 
108 

"  A.  " 

ir- 

"5 
109 

1      M. 
[ 
Thickness    oflUtoU 
pliileaminches,''      " 

B.       :     A. 

i 

B. 
i 

A. 

.{to  A 

Velocity. 
I  Foot  per  sec 


Thickness) 
of  plates!- 
in  inches] 


15  Inches.   13  Indies. 
Taper.      '   Tsper. 


y  Not        0-07  to        Not 

\     recorded      008    I  recorded 
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For  simil&r  old  conduits  we  ha.vDi 


Diamelei. 

103  Inches. 

71  Inches. :  48  Inches, 

4S  Inches. 

36  Inches. 

24  Inches,  j 

Joints. 

Cylinder. 

Cylinder.  |  Cylinder. 

Cylinder. 

Cylinder. 

Qlinder.  ' 

.    Age. 

S  Years. 

3  Veus.      4  Ye»>. 

4  Years. 

4Ye«s. 

14  Yews. 

Velocity  infect 

per  second. 

117 

.  82      1        97 

78 

98      ,      103 

90 

3     ■ 

108 

102          ros 

93 

80 

4     . 

104          104 

94 

1     ■         ■ 

105          104 

94 

106 

104 

95 

B. 

M.              A. 

A. 

C. 

B. 

Thickness 

of  plates 

\ 

5  to  \\  \        \ 

l-toS 

I 

A      1 

in  inches 

TiJ/sm- 


The  letters  A,BiC,  refer  to  Herschel's  estimates  of  the  accuracy  of  the  ex- 
periment, and  M,  refers  lo  the  results  obtained  by  Marx,  Wing,  and  Hoskin 
(Tr-atu.  Am.  Soc.  of  C.E.,  vol.  44,  p.  34}. 

It  is   fairly  evident    that    the    experiments  can    hardly  be    regarded  u 
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«>nducted  on  pipes  of  the  same  hydraulic  class,  even  in  the  vety  restncted 
sense  that  all  "new  cast-iron^  pipes  can  be  considered  as  falling  under  one 
category. 

The  question  has  been  dealt  with  by  Kuichling  (Trans.  Am.  Soc.  o/C^., 
voL  40^  p.  535),  in  discuSHng  the  results  of  the  new  72-inch  pipe  (M,  of  the 
above  table).  This  is  made  with  a  cylinder  joint,  so  that  the  walls  of  the  pipe 
are  continuous  ;  but  at  each  joint  four  rows  of  rivet  heads  project  into  the  pipCi 
and  reduce  the  area.  Kuichling  considers  that  the  loss  of  bead  at  such  con- 
tractions must  be  allowed  for. 

No  exception  can  be  taken  to  the  principle,  and  I  give  the  details  of  the 
work,  although  it  will  be  obvious  that  the  coefficients  being  deduced  from 
Weisbach's  experiments  on  small  orifices,  cannot  pretend  to  any  great  degree 
of  accuracy. 

We  have  (see  Sketch  No.  131,  Fig.  i) : 

Ai,  corresponds  to  a  diameter  of  72-22  inches. 

Ai,  is  Ai,  less  the  area  of  the  rivet  heads,  and  corresponds  to  a  diameter 
of  7178  inches. 

J-*  =0-9878  S=*« 

The  loss  of  head  (see  p.  7S6)  is  given  by  : 

and  Kuichling  states  that  when  m,  lies  between  o'8  and  i,  Weisbach's  results 
correspond  to  (c=i"23S  +  i"4S«"-i'675'«.  Thus,  for  m=o-98785,  ^.=0-98533, 
and  there  being  1984  such  constrictions,  ihe  loss  of  head  thus  produced  is 
0*34196  fiset,  when  v= 3-846  feet  per  second. 

When  applied  to  the  experimental  value,  C  =  1 1 26,  this  correction  gives  the 
value  of  C,  that  includes  skin  frictioit  losses  only,  as  0=118-9. 

A  more  complicated  case  is  that  shown  in  Sketch  No.  131,  Fig.  2. 

Here  we  have : 

—'-=0-97629,  hence  f(=o-97i77>' 
and    14143,  such    constrictions    cause   a    loss    of  head    of  6-880  feet,  and 
also  ■T-i=o-97204,  and  the  ordinary  formula  gives  a  loss  of  (  i  —  ji) — , 

or,  for  6700  constrictions,  the  head  lost  is  equal  to  0872  feet. 

So  also,  Kuichling  uses  Weisbach's  formula  for  elbows  of  a  deflection 
angle  «: 

*,=(o-9457sin»^ +2-047  sin*  ^)- 

and  corrects  for  stop  valves,  etc  These  last  corrections  need  hardly  be  applied, 
since  we  merely  wish  to  cut  out  those  effects  which  are  directly  dependent  on 
the  construction  of  the  pipes. 

The  general  result  appears  to  be  that  in  pipes  of  large  diameter,  and  tbont 
fths  of  an  inch  thick,  approximately  10  per  cent,  of  the  total  head  lost  can 
usually  be  explained  by  resistance  due  to  rivet  heads,  or  discontinuities  in  the 
inner  surface  of  the  pipe,  so  that  the  values  of  C,  given  above  would  be  increased 
in  the  case  of  a  smooth  pipe  by  some  five  or  six  units. 
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Le  Conte  (Trans.  Am.  Soc.  of  CE^  voL  40,  p.  549),  has  gooe  so  fiu  as  t 
tabulate  the  effect  on  C,  of  the  thickness  of  the  pJates  (which  infloeoces  tb 
size  of  ihe  rivet  heads)  a«  follows  : 


Diameter 

Plate  Thickneat  in  Indie*.                                             1 

1           1 

1 

1 

006 

o-oS 

— 

0-13 

ots  '  016 

o->8  1  o-M 

ii6|  114 

a24 

0-25  0-28 

100 

44       ■ 

1.9 

117 

42      . 

116 

•',1 

114 

1131111 

109    109  1  108 

100 

.17*   . 

... 

114 

112 

no 

109 !  108 

105  1  104  1  104 

95 

30      ■ 

...    JI14 

112 

no 

loq 

108 

106  1  105 

102  1  loi     100 

9> 

24      . 

.,.    Itll 

109 

107 

106 

104 

103  !  loi 

58;    97'    97 

«7 

la      . 

,00,  „ 

97 

95 

'" 

93 

91  t    90 

1 

i     1 

78 

Le  Oolite's  table  gives  the  plate  thickness  in  "B.W.G.,"  and  consequently 
the  above  thicknesses  may  eir  somewhat     It  is  hardly  to  be  supposed  that 
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SkBTCR  No.  130.— Expanaon  Joints  for  Water  npes. 

such  a  discrepancy  will  materially  affect  the  coefGcieots,  which  apply  to  [Hpes 
about  two  years'  old,  subject  to  little  tuberculaiion,  and  are  mostly  obtained 
from  experiments  on  taper-jointed  pipes. 

The  above  facts  indicate  that  tbe  discharge  of  a  riveted  iron  main  may  be 
considered  as  greatly  afTected  by  the  type  of  joint,  thickness  of  plates,  and 
riveting. 

When  such  a  pipe  has  to  be  calculated,  and  the  plates  ate  abnormally  thick, 
due  allowance  should  be  made  for  the  possible  diminution  in  discharge,  either 
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empiiically  (as  by  Le  Conte),  or  aritbmeticBliy  (u  by  Kiucfaling) ;  and  for  this 
reasoD  I  have,  where  possiUe,  tabnlated  the  ptate  thicknesses. 

In  new  pipes  it  appears  that  results  not  very  fin  fmin  the  truth  may  be 
obtained  by  antunhig  a  kws  of  head  between  ;,  and  lo  percent  greater  than 
that  in  dean  cast-iron  mains  of  the  same  size,  and  then  allowh^  for  rivet  heads, 
and  plate  thickness  (triiere  the  joints  are  not  cylindrical)  as  above  cxplaiBed. 


:2 


Srbtch  No.  131.— Effect  of  Rivet  Heads  and  Joinls  on  DischuEc  of  ■  Sleel  Pipe. 

This,  in  the  case  of  fths-inch  plates,  and  over,  finally  produces  a  total 
increase  of  lost  head  equivalent  to  about  20  per  cent,  or  a  decrease  in  C,  of 
approximately  10  per  cent 

Tntton's  value  is  principally  founded  npon  experiments  on  pipes  with  plates 
less  than  -^ths  of  an  inch  thick,  so  that  smaller  values  of  Ci  or  C  may  be 
expected  with  heavier  plates  (page  428). 

In  considering  the  possible  decrease  In  dischai^,  due  to  age,  we  can  assume 
that  the  rivet  and  joint  irregularites  are  less  influential  when  the  remainder  of 
the  pipe  surface  becomes  incrusted.  A  badly  incrusted  riveted  main  may  be 
expected  to  have  the  same  discharging  power  as  a  similarly  affected  pipe  of 
cast  iitm.     Hence,  as  a  value  corresponding  to  Tutton's  105,  for  a  cast-iron 


ly  Google 


45« 


COmitOZ  OF  WATER 


pipe  with  average  incrustation,  it  seems  fait'  to  take  loo,  coirCspOn^f;  to  the  lO 
per  cent,  extra  loss  of  head  unexplained  by  Kuichliog's  calculations. .  Tutton'a 
value  no,  forsted  pipes  refers  to  pipes  from  5  to  8  years'  old  at  the  dmsL 

As  practical  results,  we  should  bear  in  mind  that  riveted  {Mpea  were,  uatil 
lately,  mostly  employed  in  pioneer  woric,  and  that  onr  experience  is  almost 
entirely  derived  from  such  caiea.  British  engineers  are  now  adopting  tbera 
somewhat  largely,  and,  following  the  usual  British  principles  of  design,  are 
specifying  heavier  plates.  The  maximum  thickness  of  the  [dates  in  any  of  the 
ppes  tabulated  above,  except  Marx's  (the  engineer  actually  responsible  was 
Goldmark,  see  Tram.  Am.  See.  of  C.E.,  voL  38,  p.  14S)  72-inch  pipe,  was  Jths 
inch,  while  the  minimum  in  a  pipe  of  British  design  may  be  taken  as  ^ihs  inch, 
at  least.  Thus,  it  is  advisable  to  make  allowance  for  this  bet  in  estimating  the 
probable  discharge.  There  is,  however,  one  circumstance  favouring  British 
design,  namely, — the  thinner  American  pipes  are  mo>«  easily  deformed  and 
rendered  elliptical  by  earth  pressure.  The  effect  of  such  ddbrmation  is  not 
calculable,  but  it  evidently  tends  to  decrease  the  discharge,  so  that  the  diminution 
produced  by  the  thicker  plates  (or  rather  in  the  case  of  cylinder  joint  pipes  by 
the  larger  rivet  heads)  may  be  partly  counterbalanced  by  the  mare  perfect  shape 
of  the  i«pe  when  buried  in  the  earth. 

The  adoption  of  counter-sunk  rivets  for  internal  work  has  obvious  advantages, 
aitd  in  cases  where  the  size  must  be  kept  down,  at  all  costs,  the  extra  expense 
may  be  justified. 

Distortion  of  KivetedPipes.— Clarke  (Trawj.  .4m.  Soc.ofC.E^'m\.^ 
P>  93)  gives  some  experiments  which  show  the  following  results  : 


Id  Inches. 

Thickness 
in  Inches. 

33 

0-a03 

^■23& 

42 

0203 

42 

0-2O} 

42 

0-203 

o-ao3 

COUFRBSSION  OP  VERTICAL  DiAUBTBR. 


y';  in.  to  i 


ExUB  ditto 

under  si  Feet 

ofSnd. 


Do. 

Do. 

I  1   in.   (sand 

saturated 

widi  water) 


Extra  ditto  imdet  a  con- 
centrated Wragbt^iplied  *t 
Top  of  Veiticd  Diameter. 


-^  in.  iinder  4,800  lb. 
i-ff  in.  under  17,000  lb. 
4J  in.  under  i6,ooo  It 


Actual  measurements  in  the  trench  of  42-iDch  pipes,  a'203  inches  thick, 
show.  compressi<ms  of  i\  to  z^  inches.  It  appears  that  if  the  earth  backfilling 
is  not  properly  tamped  round  the  main,  a  large  thin  pipe  maybe  considerably 
sti^ned,  and  possibly  stressed  beyond  the  elastic  linnitt  thus  producing  a 
pennanent  set.  If,  however,  the  earth  is  properly  rammed  up  to  the  top  of  the 
pipe,  in  6-inch  layers,  the  deformations  do  not  exceed  such  values  as  ^,  or 
j  inch,  and  cause  no  undue  stress  in  the  metal. 

Corrosion  Oi'  Stkel  Pipks.— Of.  late  years  many  cases  have  occurred 
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Xespedally  in  the  United  Sut»),  of  marked  pitting  and  corrosion  of  steel  mains. 
The  actual  &u:ts  are  hard  to  arrive  ai ;  but  it  atipeats  that  the  steel  used  in  con- 
struction was  less  capable  of  resisting  corrosion  than  wrought  or  cast  iron,  and 
it  has  been  suggested  that  this  is  a  general  property  of  steel.  The  evidence 
rather  appears  to  suggest  that  it  is  a  failing  common  to  cheap  steel,  as 
delivered  by  manufacturers  who  have  not  been  exposed  to  effective  competition. 
The  matter  is  mentioned  as  indicating  the  necessity  for  obt^ning  die  best 
possible  chemical  advice  before  accepting  a  tender  which  may,  in  other  respects, 
(cost  especially)  appear  to  be  very  satisfactory. 

In  all  cases  (above  all,  where  stray  currents  from  tram,  or  other  electric, 
systems  are  to  be  apprehended),  the  outside  of  the  mains  should  be  carefully 
protected.  The  problem  is  more  simple  than  that  of  the  interior  coating.  The 
pipe  when  hot  from  the  asphalte  or  tar  dip,  is  carefully  wound  round  with  tw? 
coatings  of  burlap,  or  jute  fabric ;  and  this  is  again  tarred  over.  Thii  coating 
will  generally  have  to  be  renewed  on  the  site  at  each  joint,  and  special  pre- 
cautions should  be  taken  to  ensure  a  good,  adherent  coating. 

Spscificatiqs.—T^vh  following  is  an  abstract  of  Goldmarfs  spedficatio^ 
for  a  73-inch  riveted  steel  pipe  (Trans.  Am.  Soc.  ofC.E.,  vol  38,  p.  246) :         \ 

T.  All  seams  sliall  be  butt  souns,  with  stops  exactly  fitted  to  the  curvstare  ai  Qib 
main  plates.  ' 

II.  The  roond  straps  uniting  Bdjacent  sections  shall  be  placed  on  the  oatade  of  the 
pip«  only.  The  loD^tadioal  teams  shall  be  united  by  two  bott'  straps,  onfe  on  the 
inside,  and  the  other  on  the  outside  of  the  pipe.  '■■'.'■■- 

III.  The  longitudinal  joints  shall  in  all  «asM  be  placed  at  the  top  of  the  [dpfe,  so 
that  the  straps  s^ll  be  continuous  throughout  the  entire  length  of  the  pipe. 

IV.  All  butt  straps,  both  longitudinal  and  drcumfereniial,  shall  be  rolled  to  the 
correct  circular  curve  necessaiy  to  lit  the  pipe  closely.- 

V.  The  edges  of  the  outside  stnps,  boih  round  and  loagitudinal,  shall  be  pUaed 
for  caulkiog. 

VI.  The  inside  longitudinal  butt  straps  shall  be  the  same  leneth  as  the  main  plates  ; 
they  shall  be  as  straight  and  Inie  as  possible,  but  shall  not  be  caolked. 

VII.  The  outride  lonptudinal  straps,  where  they  ate  built  against  the  edges  of  the 
round  straps,  shall  be  planed  down  to  a  feather  edge  for  a  short  distance,  and  extended 
under  the  round  straps,  the  edges  of  the  latter  being  caulked. 

VIII.  Thesplicesinthe[ound5traps'shallbesc8r}^edji:Hnts,extendiDgDverthreerivets. 

IX.  The  under  strap  at  the  lap  must  be  scarphed,  or  thinned  by  machbery,  without 
being  heated  ;  the  upper  strap  is  to  remain  of  the  original  Iluckness  for  caulking. 

X.  The  rivet  holes  shall  be  punched  of  ^y  inch  greater  diameter  than  that  of  the 
cold  rivat,  except  in  the  case  of  i-l  inch  rivets.  In  this  latter  case,  the  rivet  holes  shall 
be  punched  of  i^  inch  diameter,  on  the  die  side,  and  reamed  to  ifj  inch. 

XL  All  riveting  in  the  diop  must  be  done  by  machinery,  capable  of  eiertfag  slow 
pressure,  sufBcient  lor  the  formation  of  perfect  rivet  heads. 

XII.  All  burrs  caused  by  pnoching  on  the  lower  side  of  the  plate  nusl  ba  renraved 
by  countersinking  i  all  burrs  produced  by  shearing  must  be  removed  by  ftlii^  or  ctlippii^. 

XIII.  The  sheeU  must  be  pressed  ckwely  ti^ihcr,  while  the  rivets  «ve  b«li« 
driven,  and  until  the  rivet  heads  are  formed.  Alt  rivets  whkb  Aa  not  properly  fill  the 
holes,  must  be  cut  out  and  replaced. 

XIV.  All  riveted  seams  and  joinls  of  every  description  shall  be  thoroughly  caulked 
nn  the  outside  of  the  pipe  iuthe  best  and  most  workmanlike  manner  usual  in  lirst -class 
boiler  work.  The  caulking  of  all  seams  made  in  the  shop  mvist  be  done  before  the 
coating  is  applied  to  the  pipe,  and  every  precaution  must  he  taken  both  in  diop  and  field 
work,  to  ensure  the  utmost  strength  and  tightness. 
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XV.  AU  i^Bta  and  rivett  mutt  be  f(«e  from  ruM,  and  liqil  ander  cotct  from  the  time 
of  manuracture  of  the  plates,  until  the  completed  pipe  ii  dii^ed  oi  coated. 


and  in  manuiicturing  into  pipes,  shall  he  rejected, 

lbs.  per  Sqnare  lodi. 

esame» 

AU 

)iilation 

-ssof— 

Straps. 
Inches. 

of  the  dimensions  is  as  follows 

ThicVn 

Plates. 
iDches. 

!     MaxhnDRi  Stietaes  in 

Section.   ;   Section. 

Rivtta. 
Shearing.      BearinR. 

Head  of 

Water  on 

Pipe. 

t 

\\      '    ii,ooo   '    12,940 
\\          it,3oo   1    13,200 
I       ;    ri,4oo   I    13,200 
I       '    ri,6oo      13,600 
I         11,800  !  13,500 
I      :    la.ooo  1   14,000 

5.740    '    14,600 
5,200    '    14,800 
S.5'o    :    15,800 
5,200    .    16,400 
5,010    ;    15,100 
5.500        15,200 

484  feet 
448  „ 
4.0  ,. 
371   ., 

The  longiuidiiul  straps  were  1 1  inches  wide  on  the  outude,  and  16)  inches 
on  the  inside  ;  the  circumferential  straps  being  11  inches  in  width. 

The  coating  was  composed  of  natural  CaKfomia  asphalts,  mixed  with 
enough  liquid  asphalte  of  over  14  degrees  Beaumtf  gravity  to  fill  the  vtrids  in 
the  dry  rock. 

The  mixture  was  heated  by  steam  coils,  and  it  was  found  that  a  good 
adherent  covering  was  produced  on  the  pipe  after  one  hour's  treatment  in 
the  bath. 

The  details  of  the  process  evidently  require  careful  previous  study,  as  the 
tinte  in  the  bath  is  longer  than  is  necessary  in  the  case  of  the  ty|»cal  Angus 
Smith  mixture. 

We  may  further  note  as  follows  : 

(i)  The  design  secures  only  one  longitudinal  joint,  at  the  cost  <£  a  circuin- 
fercntial  joint  at  every  9  feet  3  inches.  If  two  loi^itudinal  joints  were  used,  a 
circumferential  joint  would  occur  at  every  19  feet :  and  in  view  of  Knichling^ 
investigations,  the  latter  seems  to  be  a  better  system  hydraulically. 

(ii)  The  caullring  on  the  outside  is  not  what  would  be  adapted  were  walcr- 
tightness  the  sole  object  in  view,  since  inside  caulking  is  fkr  more  efficient. 
The  idea  is  plainly  to  avoid  damage  to  the  jupe  canting,  and  it  is  salJsfoctoff 
to  know  thai  the  main  is  water-tight. 

(iii)  The  first  part  of  paragraph  X,  is  not  precisely  "  first-dass  woik,"  as 
specified  in  the  second  sentence.  The  whole  paragraph,  however,  shows  a 
very  nice  appreciation  of  the  problem  of  securing  satisfactory  woiic  at  a  cheap 
rate.  The  "second-class  work*  is  placed  where  it  will  do  least  harm,  and 
where  impact  stresses  will  be  least.  The  graduation  of  the  stresses  shown  in 
the  table  is  equally  commendable.  The  pipe  line  is  about  4i;oo  feet  long,  and 
supplies  a  power  station.  Thus,  water  hammer  is  possible,  and,  so  fat  as 
practicable,  the  design  g^ves  the  greater  margin  of  strength  at  the  lower  end, 
where  the  shock  will  be  worst 
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Goldmark'fl  specifiaLticm  of  the  steel  is  equally  complete.  Both  for  acid 
and  basic  steel  he  specifies  the  maximiim  percentages  of  sulphur,  jdioepkoru, 
and  manganese,  and  gives  the  ultimate  tensile  strength,  naxiDoom  (65,000  lbs.) 
and  minimum  (55,000  lbs.)  per  square  inch,  elastic  limit  (as  over  oae-balf  of  the 
ultimate  strength),  elongation  (not  less  than  24  per  cent,  in  S  Inches)  and 
>'  reduction  of  area  (at  least  48  per  cent.),  also  character  of  fracture  (as  silky) 
and  a  bending  test  (free  from  crystalline  appearance),  punching  test,  and  a 
drifting  test. 

The  two  last  are  : 

A  row  of  holes  (eight  in  number),  |  inch  in  diameter,  and  \\  inch  between  centiet, 
shall  be  punched  cold  in  &  plate  i}  inch  wide,  and  10  inches  long,  vrithoM  an*  nodn. 

Two  boles  \  inch  in  diametM,  2  tnchet  between  cenlMS,  ahalT  be  punched  in  a  plate 
3x5  inches  and  then  enlarged  cold  by  drifting  to  1^  inch  diameter,  withMM  cracks. 


Jo\n\    ff/nos 


tfgads  oitr  520' 
The  tiodimeitskmU  ratlii  ntn^end^kastoace  dam^caashicitinr. 
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l^inensians  ^Ifirmnaa/t 
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Locking  Bar 


Sketch  No.  131,— Locking  Bar  and  Collare  for  Lockii^  Bar  Pipes. 

The  rivets  are  specified  as  : 

Ultimate  tensile  strength  between  56,000  and  64,000  lbs.  per  square  inch,  elastic 
liiiut  not  less  than  36,000  Ibg.,  shearing  streu  not  lew  than  73  p«r  cent,  of  Che  ultimate 
tensile  stress, 

Tbe  chemical  details  of  this  part  of  the  specification  are,  of  course,  some- 
what obsolete  at  the  present  day,  but  tbe  infbtmation  given  is  very  complete, 
and  fonns  a  good  mood. 
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L«cldi>e  Bar  P^.— This  was  first  introduced  by  Mephan  Ferguson  of 
Mdbounie,  ind  has  been  largely  used  in  Australia. 

Several  variants  have  latety  been  adopted,  but  none  of  them  appear  to 
possess  any  real  superiority. 

Each  pipe  length  is  composed  of  one  or  two  longitudioal  plates,  bent  to 
the  correct  radius,  and  connected  by  locking  bars.  Sketch  No.  132  shows  the  ' 
burring  of  the  edges  of  the  plates,  and  the  method  in  which  the  locking  bar  b 
closed,  as  indicated  by  Palmer  {P.I.C.E.,  vol-  162,  p.  80),  and  shows  the  exact 
dimensions  of  the  bar  as  used  for  the  Coolgardie  30-inch  main  of  ^  inch  and 
'■fs'His  inch  plates.  The  design  is  intended  to  develop  the  full  strength  of  the 
plates  before  Cailure,  and  is  the  fruit  of  repeated  full  scale  experiments.  The 
working  stress  is  4^  tons  per  square  inch  on  the  gross  area  of  plates  with  a 
minimum  thickness  of  ^  inch. 

The  tests  made  by  Palmer  {ut  supra,  p.  88)  indicate  that : 

C  =  ii5  for  new  30-inch  pipes,  in  the  equation  71=0  '*'ri,  where  no  allowance 
is  made  for  irregularities  or  reduction  of  area  by  the  locking  bar ;  and  a  value 
of  83  appears  to  be  assumed  for  old  pipes. 

Corrosion  is  reported  to  have  been  very  active  on  thi«  particular  main. 
The  circumstances  are  unfavourable,  since  alkaline  soils  occur  ;  the  external 
coating  is  in  my  opinion  too  soft,  and  the  pipes  were  not  heated  in  the  mixture 
for  a  sufficiently  long  period.  In  any  case,  there  is  no  evidence  to  show  that 
the  locking  bar  had  any  material  effect  in  retarding  or  accelerating  the 
corrosion. 

Construction  of  Stkkl  Piras.— If  R,  be  the  ndins  of  the  [npe  in 
inches,  and/,  be  the  maximum  internal  water  pressure  in  pounds  per  square 
inch  (which  is  ustuiUy  that  obtained  by  considering  the  lower  end  of  the  pipe 
as  closed  up),  the  tension  in  the  metal  skin  is  given  by  : 

T=/R  lbs.  per  lineal  inch [Inchea] 

Thus  /,  the  thickness  of  the  metal  plates  is  given  by  the  equation  : 

"k ""*" 

Where  ^i,  is  the  permissible  working  stress  of  the  metal  in  pounds  per 
square  inch  ;  and/i  is  an  allowance  for  the  reduction  of  the  effective  section 
produced  either  by  rivet  holes  (where  the  longitudinal  joints  are  rivetedX  or 
by  corrosion  or  scraping  the  pipes  if  these  are  considered  likely  to  occur. 

Thus,  in  lock  bar  pipes,  if  the  strength  of  the  joint  is  alone  considered/i, 
will  be  found  to  be  equal  to  i.  Consequently,  the  portions  of  the  plate  at  a 
distance  from  the  joint  possess  no  extra  strength,  and  an  additional  thickness 
of  a  sixteenth  of  an  inch  over  and  above  that  calculated  for  strength  is  allowed. 
The  value  of  s\,  is  usually  taken  as  16,800  lbs.  per  square  inch  for  mild  steel ; 
and,  in  view  of  the  very  equable  distribution  of  the  stresses  at  the  joints,  this 
may  be  considered  as  a  low  rather  than  a  high  value. 

For  riveted  joints  put ; 

i/=  The  diameter  of  the  rivet  in  inches     .        .    [Specud  Notatioa] 

/)=The  pitch  of  the  riveting  in  inches 

</=r2to  1-3  V7      >t=2jtoaJrf [Incbeal 

Then,  for  single  riveted  joints,  with  the  rivets  in  single  shear ; 
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'  /i  C0-5S  to  o'37,  say  cf  so  as  a  Tnean  ; 
and  if  two  cover  ptates  an  used,  so  that  the  rivets  ue  in  double  shear,  dien  : 
/i=o72  to  o^t,  say  o'67  as  a  mean. 

For  double  riveted  joints,  with  the  rivets  in  single  shear,  it  will  be  found  that ; 
/i=o73'ooS7i  say  067  as  a  mean  : 

and  if  the  rivets  are  in  double  shear  : 

/i=o-84  to  071,  say  07s  as  a  mean. 

The  larger  values  occur  in  the  thinner  plates. 

Thus,  except  at  and  near  the  joints,  the  plates  have  a  large  excess  of 
strength,  and  any  allowance  for  corrosion  appears  to  be  unnecessary. 

The  final  design  of  the  joint  of  course  includes  die  determination  of  the 
following  stresses  (see  p.  984) : 

(i)  The  tensile  stress  in  the  plate  along  a  iincof  rivets. 

(ii)  The  shearing  stress  on  the  rivets. 

(iii)  The  bearing  stress  on  the  rivets. 

The  valnes  given  by  Goldmark  (see  p.  460)  are  low ;  but  unless  the  interior 
of  the  joints  can  be  caulked,  it  is  inadvisable  to  reduce  the  rivet  area,  as  when 
outside  caulking  alone  is  possible,  leakage  is  mainly  prevented  by  the  grip 
produced  by  the  contraction  of  the  rivets. 

In  cases  where  water  hammer  is  likely  to  occur,  the  stress  thus  produced 
may  be  estimated ;  and,  if  necessary,  the  thickness  of  the  plates  may  be 
increased  so  as  to  provide  for  this.  As  a  rule,  it  is  allowable  to  assume  a 
somewhat  higher  value  of  Sx,  for  such  stresses,  so  that  an  increase  in  the 
thickness  of  the  plate  is  not  usually  required. 

The  allowance  for  corrosion  is  a  matter  of  experience.  Corrosion  does  not 
usually  produce  a  general  and  uniform  diminution  of  the  plate  thickness,  but 
occurs  in  patches,  small  pin  holes  being  eaten  right  through  the  plates  long 
before  any  general  decrease  in  thickness  has  occurred. 

Consequently,  under  the  above  circumstances,  British  engineers  usually 
make  a  steel  plate  at  least  -ffiiis  of  an  inch,  or  |ths  of  an  inch  thick,  quite 
apart  from  any  stress  calculations ;  and  do  not  allow  any  increase  above  the 
value  obtained  by  stress  calculations  if  the  thickness  thus  obtained  exceeds 
^ths  of  an  inch.  American  engineers  use  thinner  plates,  and  their  practice 
is  far  more  suited  to  pioneer  conditions.    The  German  rule,  i.e. : 

Minimum  thickness  of  plates=o*K)  inch. 
may  be  adopted  in  favourable  circumstances.    • 

Anchoring  Pipes. — Consider  a  bend  or  elbow  in  a  pipe. 
Let  d,  be  the  diameter  of  the  pipe  in  feet. 
Let  H,  be  the  pressure  in  feet  of  water. 
Let  0,  be  the  deflection  angle  of  the  bend  or  elbow. 

.  Then, an  outward  pressure  equal  lo  2  — -  SasH  sin ^  lbs.  exists  along  the 

line-  bisecting  the  angle  between  the  initial  and  final  tangents  to  the  bend. 

If  the  velocity  be  great,  H,  should  be  increased  by  — - 

The  stresses  thus  produced  in  the  pipe  metal  are  not  great ;  and,  as  a  rale, 
even  the  friction  of  the  ordinary  lead  joints  of  a  cast-iron  pipe  Is  sufficient  to 
prevent  tbe  bend  from  being  blown  out.    The  stress,  however,  occurs  at  a 
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point  where  the  joints  are  difiBcuh  to  make,  and  in  good  practice  it  b  now 
usual  to  bed  the  outer  curve  of  the  bend  agunst  a  mass  of  cuicrete,  of  siittoent 
size  to  prevent  motion  without  producing  any  stress  on  the  pipe  joints.  Tbc 
case  where  trouble  is  most  likely  to  occur  is  at  the  crest  of  a  hill,  in  a  line  of 
large,  riveted  pipes  under  heavy  pressure  ;  and,  under  such  conditions,  saddle* 
on  the  top  of  the  pipes,  well  bolted  down  to  masses  of  concrete  are  someiimci 
required. 

Wood  Stave  Pipes.— GoIdtnarlc(7>vww. -4»«.5'<w.tf/C.£'.,  vol.  38,  p.  267) 


r-/&^ 


Skbtch  No.  133.  — Shoes  tor  Wood  Slave  Pipes, 
describes  the  construction  of  a  72-inch  main  as  follows:  The  timber  used  wis 
Qouglai  lir,  in  place  of  the  usual  red  wood.  This  is  far  harder  and  stiSiBr,  aad 
trouble  was  anticipated  in  using  it  for  staves,  on  account  of  the  great  amooni 
of  curvature  in  ihe  pipe.  However,  no  difficulty  was  experienced  in  puttiae 
the  staves  together  properly,  even  in  curves  of  14  degrees.  The  specification  was 
severe,  requiring  the  best  class  of  timber,  perfectly  free  from  koots,  sap  holes, 
season  checks,  and  other  flaws.    The  umber  wM  almost  beyond  criticism, 
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being  practically  perfect  in  appearance.  It  was,  as  far  as  possible,  thoroughly 
seasoned  and  dried,  and  waskept  under  cover  until  placnd  m  the  trench. 

The  pipe  was  built  of  31  staves,  the  fioiihed  articles  beiag  j\  incbei  on  the 
outside,  7^  inches  inside,  and  3  inches  thick  The  outside  was  planed  to  a  circle  of 
38^  inches  radius,  and  the  inside  to  a  circle  of  36^  inches  radius.  The  radial  sides 
were  planes,  smoothly  finished.  ,  No  variation  of  more  than  j^  inch  from  the 
theoretical  section  was  permitted.  The  staves  were  specified  as  16,  iS,  and  20 
feet  long ;  but  actually  the  lengths  used  were  &om  24  to  a6  feet,  and  over. 
The  ends  of  adjacent  staves  were  at  least  12  feet  apart ;  and  in  all  end  joints  a 
steel  tongue,  ij  inch  wide,  Jth  of  an  inch  thick,  and  i\  inches  long,  was  in- 
serted into  saw  cots  in  the  staves.  The  tongue  thus  lay  J  of  an  inch  in  each  of 
the  naves  jointed,  and  jtb  of  an  inch  in  each  of  the  adjacent  continuous 

The  pipe  was  banded  with  round  steel  rods,  |ths  of  ah  inch  in  diameter, 
for  pressures  of  less  than  too  feet ;  and  }  of  an  inch  for  those  over  100  feetl 
The  unit  stress  was  14,500  lbs.  per  square  inch  ;  i.e.  4300  lbs.  for  a  fths  inch, 
and  6500  lbs.  for  a  |-inch  rod.  Thus,  for  the  number  of  bands  per  too  feet 
length  of  the  pipe  under  a  head  of  H,  feet  of  water  we  get : 

For  jths  of  an  inch  bands,  N  = -^-^^-^-^^'^ '^  =  4-16  H. 
4SOOX2 

For  i  of  an  inch,     .        .    N  =  19  H. 

The  pipe  diameter  was  assumed  to  be  6  feet,  and  the  bands  are  assumed  to 
bear  the  whole  tensile  stress. 

Sketch  No.  133,  Fig.  I.  shows  the  bands,  and  stee!  shoes  for  their  junction. 

The  design  in  Sketch  No.  133,  Fig.  II,  indicates  a  malleable  iron  shoe  for  a 
9-ioch  {ripe,  in  which  the  forged  loop  used  by  Goldmark  is  replaced  by  a  bolt- 
head  lisaring  on  the  upper  horns,  A ;  the  upset  screwed  end  being  placed 
between  the  lower  forks,  B.  The  design  it  decidedly  neat  and  is  duetoFuertes 
{PJ.C.E.,  voL  162,  p.  154),  who  states  the  following  formula  : 

"-^A^ [incto] 

as  giving  N,  for  a  pipe  D,  inches  in  diameter,  where  each  baiid  has  a  diameter 
of  d^  inches,  and  where  j^,  is  the  permissible  working  stress  in  pounds  per 
square  inch.    The  slaves  in  this  case  had  a  small  bead  on  one  radial  side. 

Latterly,  wood  stave  pipes  have  been  buih'  iip  with  the  bands  made,  of 
continuous  wire  wound  round  in  place,  under  the  calculated  tension.  This 
appears  to  be  more  rational  in  smaller  sizes,  although  it  would  be  somewhat 
difficult  to  devise  a  means  for  thus  handling  mains  as  much  .as  6  feet  in 
diameter. 

Goldmark's  pipe  was  actually  laid  with  somewhat  more  than  6  feet  vertical 
dimensions,  and  slightly  less  than  6  feet  (say  j  feet  ii|jh  inch  nett)  hori- 
zontid-disaneter ;  so  that  deformation  under  the  earth  filling  may  render  it  ap- 
proximately circular  in  form.  The  pipe  was  not  subjected  to  more  than  lao 
feet  head,  and  was  not  exposed  to  great  water  hBnttner,  the  relief  arrangements' 
being  extremely  well  planned. 

The  detailed  design  of  wood  stave  pipes  has  been  treated  by  Adams' 
{Traits.  AtH.  Sac.  of  C.E.,  v-oi.  41,  p.  35,  and  vol.  58,  p.  6sX  the-  mathematical 
method*  here  followed  being  given  by  Henny  {Tram.  Ant,  SoCi «/€.£,,  vot-^r^ 
p-  71). 
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R  =  the  internal  radius  of  the  pipe,  in  inches. 

t%  ^  the  radius  of  the  band  section,  in  inches.  . 

/  1=  thickness  of  stave,  in  inches. 
/  =  the  spacing  between  centres  of  bands,  in  inches. 
Q  =  the  tensile  stress  in  the  band,  in  pounds. 

f  =  the  safe  ditto. 

/  =  the  water  pressure,  in  pounds  per  square  inch. 

Now,  the  bands  must  be  initially  stressed  when  the  pipe  is  empty,  so  as  to 
prevent  leakage  between  the  staves  when  the  water  pressure  comes  on  the  nuin. 
Let  this  additional  stress  be  represented  by  X.  Then,!we  assume  that  X  =  %fip, 
I.*.  X,  is  1 50  per  cent  of  the  pressure  of  the  film  of  water  between  two  staves. 

When  the  pipe  is  under  pressure,  we  have  in  addition  the  tensile  stress  due 
to  water  pressure. 

Therdbre,  Q  -jS/R+i//]^  =  f ,  say. [Inchea] 


Now,  if  the  tension  of  the  band  exceeds  (R+/)e,  where  e,  represents  the 
safe  pressure  00  the  wood  per  lineal  inch  of  the  band,  the  timber  of  the  staves 
will  be  crushed  or  indented  by  the  band. 

Therefore  we  get : 


[Inches] 


[IucIms] 


and/  shonld  not  exceed  : 
(R+» 

AR+IO • 

or  crushing  of  the  staves  may  occur. 

Now,  actual  experiment  appears  to  indicate  that  for  red  wood  the  per- 
miuible  value  of  e,  is  given  by  e  =  Krt ;  where  K,  is  not  far  off  660  lbs.  per 
square  inch  (although  values  as  high  as  800^  900,  and  1100  lbs.  occur  in 
practice,  with  satisfactory  results),  and  the  width  of  the  poition  of  the  band 
which  presses  on  the  timber  is  taken  as  equal  to  the  radius  of  the  band.     K, 
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however,  varies  aomewhat  with  the  size  of  the  band,  becoming  less  as  the 
diameter  increases.    Thtis,  Henny  tabulates  as  follows  ;  '  .    i^ 


Dwmeler  of  B»nd 
in  inches. 

e,  Poundi  pet  Uneat  Inch. 

„ 

■  '40 
153 
165 

.    a6a 

and  similar  values  can  be  obiaiaed  (or  any  otlier  wood  by  ei^perimeM. 

The  pipe  can  thus  be  protected  against  dam^e  by  indentation  of  the  staves 
by  the  metal  bands.  Where  the  wat«:  pressure  is  sroaU,  the  spacing  is  lai^v. 
Thus,  in  cases  where  crushing  is  feared,  oval  bands  should  'be  used  in  order  to 
increase  the  bearing  area.    ■ 

Adams  also  states  that  the  bands  may  be  fractured  by  the  expansion  of  the- 
staves  on  becoming  saturated  with  water. 

The  stress  thus  produced  is  : 

ft  =/ICR+«/)**+E"0     ......       [tocM 

and  Adams  takes  £"— 100  lbs.  per  square  inch. 

We  diiis  obtain  the  following  conditions,  which  should  be  satisfied  in  a  well 
designed  pipe : 

fi)  Q=^R+f4  ■     ■      ".        ■..•.■        .    .  -        Pnchw]    . 

and  the  diameter  of  the  band  is  given  by  : 

Q  =  ^  dh*Si  =  ?      .  [Inehal    , 
where  j„  is  about  14,000  lbs.  per  square  inch.       ' 

(ii)          Calculate?, -/lAR+Jfl+E"/}        .        .        .  .        [Inches] 

where  E",  is  an  experimental  coefficient  depending  on  the  expansion  of  the 

wood  when  wetted.  ,        .■, 

The  value  of  Ji,  given  by  ft  ~  -  ^'^t  .  ;  .  .  .  [Inchea}  ; 
■bould  ikot  exceed  30,000  lbs.  per  square  inch. 

(iii)               Calculate  <f=^-^ [Iwlna]; 

and  ascertain  whether  the  value  of  the  pressure  per  lineal  inch  of  the  bands  on. 
the  timber  exceeds  the  permissible  values.  , 

It  will  be  noticed  that  very  approximately  : 

-     ■    •    ■■■-        .     ?  =  ^=Kn:  ■■".■   ■."■■.     ■'."■.■■■:■■■    t^nche.]."'- 

but  the  variation  is  sufficient  to  justify  special  exjieriments  with  bands  of 
different  diameters. 
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It  will  be  evident  that  theselast  two  conditions  are  mainly  important  when/, 
and  /,  are  large  when  compared  with  R  ;  i^.  in  Ing  pipes  under  small  presBures, 
or  in  small  pipes  under  heavy  pressures. 

The  thickness  of  the  wood  staves  is  apparently  fixed  more  by  stock  timber 
sizes  than  by  any  other  requirements.    Adams  gives  : 

For  pipes  of  lo  to  14  ins.  diam,  the  staves  are  cut  from  i)  by  4  ins.  material. 
„  16  to  48  „  „  „  2    by  6  „ 

„  so  to  s8  ),  „  „  2i  by  8  „ 

The  maximum  head  of  water  rarely  exceeds  200  feet,  and  180  feet  is  the 
more  usual  value. 

The  durability  of  wood  stave  pipes  appears  to  depend  mainly  on  the  way 
in  which  they  are  treated  when  in  use.  Like  most  timber  structures,  alternate 
wet  and  dry  conditions  are  very  trying ;  and,  as  a  general  rule,  the  pipes  should 
always  run  full,  and  should  only  be  emptied  when  absolutely  necessary.  Under 
such  circumstances,  the  wood  appears  to  outlast  the  bands,  and  failure  finally 
occurs  when  the  metal  is  destroyed  by  rust.  It  is  for  this  reason  that  circular, 
or  oval  bands,  are  preferable  to  tlie  hoop'iron  type. 

There  appeara  to  be  some  difTeretice  of  opinion  as  lo  whether  a  wooden 
main  should  be  coated,  either  on  the  inside,  or  on  the  outside.  Inside  coating 
appears  to  be  unnecessary,  and  outside  treatment  is  not  usually  adopted  in 
large  pipes ;  although  some  of  the  smaller  sizes  now  manufactured  in  the 
Western  United  States  as  a  stock  commercial  article  are  (after  banding) 
systematically  coated  with  aspbalte,- rolled  in  sawdust;  and 'again  coated,  From 
experience  of  ordinary  wooden  structures  1  am  inclined  to  surest  that  if  the 
timber  is  thoroughly  seasoned  before  the  pipe  is  laid,  coating  is  advisable,  and 
not  otherwise.  It  must  be  remembered,  however,  that  Gotdmark,  whose 
practice  must  be  regarded  as  most  authoritative,  and  who  used  wood  of  a 
quality  not  easily  procurable  under  present-day  conditions,  did  not  coat  his 
pipes,  and  is  distinctly  adverse  to  the  process. 

In  considering  the  introduction  of  wood  stave  pipes  of  local  material  into 
countries  other  than  the  United  States,  it  should  be  remembered  that  the 
timber  must  be  such  as  is  usually  considered  straight,  and  long  in  grain,  vad 
fairly  flexible  ;  although  this  requirement  is  only  vital  in  curved  portions  of  the 
pipe.  The  engineer  will  have  to  obtain  values  for  e  and  E",  by  special 
experiments,  and  he  should  be  entirely  guided  by  local  experience  regarding 
the  durability  of  the  particular  timber,  and  in  deciding  such  questions  as 
coating,  seasoning,  and  the  amount  of  tightening  to  be  given  to  the  bands 
before  water  pressure  is  put  on  the  pipes.  Broadly  speaking,  the  initial  band 
stress  when  empty  should  be  about  one-fourth  that  produced  by  the  water 
pressure.  So  much  depends  on  the  hardness  of  the  timber  across  the  grain 
(1.&  Hie  Value  of «),  and  its  expansion  trtien  wetted  {ij.  the  value  of  £"),  that 
any  general  rules  are  misleading,  and  more  may  be  learnt  firom  local  coopets 
and  an  experimental  length  of  pipe  under  pressure,  than  from  any  number  of 
calculations. 

I  have  not  discussed  the  question  of  beading  the  radial  edges  of  the  staves, 
in  order  to  prevent  leakage.  This  practice  was  adapted  in  some  of  the  eariier 
wooden  mains,  but  it  appears  to  be  now  obsolete.  Experience  in  cask  making 
is  distinctly  adverse  to  th^  process,  quite  apart  from  the  question'  of  economy 
in  labour  and  material. 
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■       ,      CHAPTER   IX 
OPEN,  CHANNELS 

FoRHUi-f:  FOR  THE  DiscHARCB  OP  A  CHANNEL  IN  Terms  op  teir  Hvdraulic  Mean 

Radius  and  thb  Slopb. 
DspmiTIONS. — Theoretical  deduclion  of  formulce  ii  useless — Kutl«r'a  formula — Table 

of  Kuciei'a  n^Diicussion — Hanuli^s  formula. 
Bazik's  Fokmula. — Table  of   Buna's  7  ~  Clusifiulion  of   channel* — Discottion — 

Clames  V  and  VI  have  piobably  no  phyucal  existence. 
Graphic  Solution. — Limits  of  applicanon   of  KUIter'*  or   Bazin's  fonnuliE— Thnipp's 


Silt-Bearing  Watsss. 

Table  for  Manning's  fonnula. 

Variable  Flow  in  Open  Channels General  foimulfe-.-Pi)asibte  enoia-— Valnei  of 

a — Application  to  a  rectangulai  channel  of  uniform  breadth— Standing  wave — Bore. 

Practical  Calculation  of'  Backwater  Cukvrs. — Corrections  for  variations  in  the 
doaa  section  or  slope  of  the  c)tanQel~^Exanipla — Treatmeiu  of  the  case-  wbere  a 
standing  wave  occurs — Drop-down  curve. 

Transporting  Power  of  Currents  ov  Water.— Deacon's  expeiiments — Phases  of 
transport — Lcchalas'  investieat ion— Difference  between  the  scouring  actioo  of  cleat 
and  lilted  water — Relation  between  depth  and  vdocity  in  a  river  carrying  iilt-.~ 
Influence  of  the  absolute  ijuantity  of  silt  carried  per  foot  width  of  the  diuinet — 
General  laws  of  sill  and  scour — Comments — Thrupp  %  values — Comparisoo — Physical 

meatiing  of  the  equations — Relation  between  glj~^j,|;  *or  "  nver  and  a  canal 
— Resnlts  obtained  by  logarithmic  plotting  of  the  mean  velocity  and  the  mean  depth 
for  a  river  carrying  silt— Variation  ofn  in  the  equation  7  ^  hf  for  Phases  I,  II,  and 
III— Tabulation  of  the  values  of  V,. 

NOTATION 

a,  is  the  area  of  the  crots-sectioD  of  the  channel  in  square  feet. 

du  and  01,  are  the  valnei  of  a,  at  spedfied'points  (see  p.  481). 

Ou,  (seep.  482). 

*,  is  the  breadth  of  the  channel  in  feet       _ 

C,  is  the  coefficient  in  the  formula  v=C'Jrs. 

C,,  and  Cj,  (see  p.  485)- 

Throughout  this  Chapter  d,  it  employed  for  the  sign  of  diOererttiaUoa  only. 
/,  is  the  depth  in  feet  of  the  water  in  the  channel  at  any  point.  

F,  is  the  value  iff,  appropriate  to  uniform  motion,  i.t.  v=C'JFi,  and  *pF=Q,. 

/,  is  the  leiwth  of  the  channel  in  feet  measured  aloiw  its  main  stream. 

/„,  is  the  v^ue  of/,  from  the  point  specified  by  suffix  I,  to  the  point  specified  by  sufiix  2. 

n,  is  Kutter's  "coefficient  of  rugosity"  (see  p.  473),  and  Manning's  formula. 
/,  is  the  lei^th  in  fast  of  the  wetted  portion  of  the  boundai^  of  the  area  a.    ■ 

Q'l,  is  the  total  diichai^e  of  the  channel  in  cusecs.  In  the  mvest^tion  of  Variable  Flow 
Q,  is  used  for  the  discharge  per  foot  breadth  of  the  channel. 

r,  is  the  hydraulic  mean  radius  of  the  channel  in  feet.     >"=-.■ 

fB,  (leep.  489), 
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(u,  is  Che  lidl  of  the  water  sui&ce  in  feet,  raeasuted  from  tbe  point  a,  to  the  point  i. 

a  it  a  coefficient  (see  p.  481),  and 

7  is  Bazin's  coefficient  {see  p.  474). 

^  and  X  aie  functional  symbols  (see  p.  483).     It  must  be  noted  that  #  {x)  is  tabulated 

under  the  a^ument  — ,  and  %  (x)  under  tbe  a^^^ment  x,  Ihc  object  being  to  avoid 

nndulf  extenuve  tables. 

SUMMARY  OF.  FORMULE 
Mean  velocity,  v=^. 

Hydraulic  mean  radius,  '"=-v- 

(JeoenJ  iormuU,  i'=C\'J^. 


0-00281     i-8ii 


^ 


[a 


—       (see  P-  474)- 

s,  I+a  =  I+^     (seep.  481). 
Q.' 


,,=/.;-/HF{i.ll±^»)?}{,(^).,(Z.)}     (seeTabl^ate™,,. 
Note:  M-^  J  ta  found  mider  the  argument"— . 


FORUULA    FOK    THE    DISCHARGE    OF    A    CHANNEL    IN    TEKM    OF    TBK 

Hydraulic  Mean  Radius  and  the  Slope.— The  mean  velocity  t>r  water 
in  a  channel  has  been  defined  (p.  44)  and  is  measured  in  feet  per  second,  and 
denoted  by  the  symbol  v. 

Let  a,  represent  the  total  area  of  tbe  cross-section  of  the  channel  in  sqnan 
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feet,  and>,  be  the  wetted  perimeter  in  feet,  i,t.  the  total  length  of  that  portion 
of  the  fixed  boundary  (i^.  air  boundaries  excladed)  of  a,  which  it  in  c<nitact 
with  the  fluid.    Then 

"■^ 

is  defined  as  the  hydraulic  mean  radius  of  the  channel,  and  is  measured  in  feet. 

In  an  open  channel  the  slope  of  the  water  surface  needs  no  definitioa,  but  it 
is  as  well  to  remark  that  I  believe  that  it  cannot  be  observed.  What  »  usually 
observed,  and  is  almost  invariably  used  in  practical  applications  of  the  foimulie, 
is  the  bed  slope  of  the  channel,  which  is  thus  assumed  to  be  of  unifonn  depth. 

In  a  (ape,  or  dosed  channel,  we  can  assume  that  pressure  gauges  are  erected 
at  convenient  points,  and  we  may  define  ihe  slope  of  the  hydraulic  gradient  as : 
The  difference  of  the  observed  pressures  ejipresaed  in  feet  of  water 
The  length  between  the  gauges  measured  along  the  axis  of  the  pipe  in  feet 

The  symbol  s,  will  be  used  for  the  slope. 

It  is  usual  in  treatises  on  Hydraulics  to  give  a  mathematical  investigation 
showing  tbat  v— CVm. 

The  principles  assumed  are  that  water  moves  as  a  solid  body,  and  that  the 
laws  of  friction  between  this  body  and  the  banks  and  bed  of  the  channel  are 
those  usually  considered  as  holding  for  friction  between  soUd  bodies.  Since 
the  assumptions  depart  hopelessly  from  the  truth,  I  believe  that  it  is  more 
rational  to  omit  ihe  demonstration,  and  merely  to  draw  attention  to  its  errors. 

The  formula  is  probably  quite  as  far  removed  from  a  true  representation  of 
the  facts  as  its  demonstration.  Nevertheless,  it  possesses  a  certain  claim  to 
respect  owing  to  its  antiquity,  and  lends  itself  to  easy  calculation,  so  that 
practical  advantages  justify  its  adoption  as  a  standard. 

The  equation  is  usually  said  to  apply  to  rivers  flowing  in  natural  beds  ;  but 
this  is  merely  an  instance  of  the  conservatism  of  engineers.  In  the  days  when 
an  engineer's  field  instruments  were  limited  to  a  level  and  theodolite,  ii  is  possible 
that  the  surface  slope  of  a  river  was  really  believed  to  be  more  easily  observed 
than  its  discharge. 

In  the  light  of  the  hydraulic  knowledge  of  to-day,  it  is  extremely  doubtfiil 
whether  an  uncanaiised  river  possesses  a  surface  slope  that  can  be  observed  ; 
and  it  is  quite  certain  that  the  discharge  can  be  obtained  with  less  exp«iditure 
of  time,  and  greater  accuracy. 

The  V  =  IZn/rt  equation  is  suitable  for  artificial  channels  of  regular  section 
only.  When  applied  to  natural  channels,  it  is  merely  an  interpolation  formula 
of  very  limited  range. 

I  do  not  propose  to  discuss  any  of  the  earlier  equations  when  C,  was 
taken  as  constant,  or  as  slightly  variable ;  such  formtdte  served  their  purpose 
in  the  past,  but  arc  now  useless. 

The  formula  most  fashionable  amongst  British  engineers  is  that  of  Kiitter 
and  Ganguillet.    Here^  v=C»/rs,  and  C,  is  determined  by  the  equation : 

4I-6H — -  +— — 


"~T7      t  ,  000281  \ 
where  it  is  as  well  to  state  that  the  somewhat  peculiar  coefiicients,  such  as 
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«  froma  conversion  of  the  round  numbers  occurring  in  the  fomnk 


^«(--°-^^) 


R,  being  the  hydraulic  mean  radius  expressed  in  metres. 

«,  is  the  "coefficient  of  rugosity,"  colloquially  termed  "  Kutler's  «," 

The  table  opposite  shows  the  values  speciAed  by  Kiitter  end  Gan^illet, 
and  also  a  selection  of  those  determined  by  other  experimenters. 

It  will  be  noticed  that  Kiitter  himself  did  not  propose  to  apply  his  formula 
to  pipes.  The  fact  that  other  engfineeis  have  done  so  is  no  doubt  com- 
plimentary; but  I  believe  that  the  .reason  is  to  be  sought  not  so  much  in  any 
real  physical  truth  underlying  the  formula,  as  in  the  fact  that  the  statement : 
Kiitter'sn=:   ....  forms  a  very  convenient  description. 

The  history  of  this  formula  is  interesting.  At  the  date  of  its  publication 
very  few  gaugings  of  large  rivers  had  been  tlndertakeo,  and  modem  methods 
were  either  unknown  or  in  an  experimental  stage.  So  far  as  I  am  aware,  none 
<lf  the  large  river  gaugings  accessible  to  Kiitter  and  Ganguillet  were  taken  by 
any  of  the  methods  which  I  have  discussed  ;  and  those  on  which  they  placed 
most  reliance  (Humphreys  &  Abbotts'  Mississippi  Gaugings)  were  taken  by  the 
obsolete  double  float  method,  which  Bazin  {A.P.C.,  1884,  vol.  7)  has  shown  to 
largely  over-estimate  the  velocity  in  deep  streams  (see  p.  54). 

The  terms  in  the  formula  depending  on  s,  were  introduced  simply  to  obtain 
agreement  with  Humphreys  &  Abbotts'  results,  and  may  therefore  be  con- 
sidered as  based  on  very  flimsy  evidence. 

Some  of  the  other  observations  on  smaller  rivers  were  more  Accurate  ;  and 
as  Kiitter  and  GanguilteC  discussed  them  with  great  skill,  the  formula  for 
ordinary  slopes  (i'.a  j=o-ot,  to  ^=000003)  agrees  remarkably  well  with  observa- 
tions, more  especially  when  its  date  is  considered.  In  fact,  I  regard  it  as  a 
very  good  example  of  the  possibility  of  obtaining  substantial  accuracy  by  a 
careful  discussion  of  a  large  number  of  observations,  each  individually  more  or 
less  imsadsfactory. 

The  continued  employment  of  this  formula  is  therefore  iiot  surprising,  but 
it  is  to  be  hoped  that  it  may  be  rapidly  abandoned.  At  present,  unfortunately, 
"  Kiitter's  »,"  is  considered  by  many  engineers  as  a  Species  of  shorthand 
description  of  a  river,  and,  consequently,  familiarity  with  the  formula  is 
necessary  in  order  to  comprehend  the  work  of  any  engineer  employing  ft. 

Diagram  No.  5  gives  C  or  n  with  all  the  accuracy  required  iti  practice. 
BeHasis'  HyA-aaltcs  contains  a  very  excellent  table  oFC,  but  sfcce  obtaining 
the  diagram  I  Save  never  requiired  it.  Most  engineers  dsea  table  or  some 
simplified  form  of  Ku Iter's  original  equation.  ..  w  • 

■  The  formula  given  by  Manning  {On  the  FloWtrfWattt^  i'nCkartneh  and 
Pipes)  is  probably  nearly  as  accurate  as  that  given  by'Rntter,  and-is-'easily 
calculated  and  remembered.     It  is  : 

y_t'49rO.8?j0.a    ■ 

where  n,  is  the  value  of  Kiitter's  n,  for  the  class  of  pipe  or  channel  considered. 
For  example,  for  earth  channels  in  very  good  condition,  where  «=o^io, 

*■■■■■■'  ■  i'=74-6/*«V*'-       -  ■     '        ' 
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SpedficatiM  of  tha  Chuind., 

Value  <rf  n. 

Authority. 

Timber,  weU  planed  and  perfectly 

continuous         .... 

Planed  timber,  not  perfectly  true    . 

o-oio 

Glazed    and    enamelled    materials 

with  no  irregularities,   or  clean 

coated  pipes       .        .        ,        . 

o-oio 

Pure  cement  plaster 

O'Oio 

Wood  stave  pipes  .  ■       . 

O-OIO 

Plaster  in  cement,  one-third  sand   ■ 

Pipes  of  iron,  cement,  or  terTaK:otta, 

well  jointed,  and  in  best  order    . 

0-0 11 

Kulter. 

Timber  unplaned  and  continuous. 

new  brickwork   .... 

.O-OIZ 

Good  brickwork,  and  ashlar,  ordi- 

nary  iron  pipes,  unglazed  stone- 

ware, and  earthenware 

0013 

Kutter. 

Canvas  lining  on  wooden  frames    . 

0015 

Kiitter. 

Foul  and  slightly  tuberculated  iron . 

0-015 

Rough-faced  brickwork  . 

0-015 

Well  dressed  stonework  .        .        . 

o-or5 

Wooden  troughs  with  battens  inside, 

\  inch  apart        .... 

0-015 

Fine  gravel,  well  rammed       . 

0-017 

Kutter. 

Rubble  masonry  in  cement,  in  good 

order 

0-or7 

Tuberculated  iron  pipes,  brickworit 

orstoneirwk  in  inferior  conditicHi 

01017 

Earthen  channels  io  faultless  con- 

.    ditioD 

0-0I7 

Ditto,  during  heavy  silting     .        . . 

0*17 

Earthen  channels  in  very  good  order, 

or  heavily  silted  in  the  past. 

o-oiS 

Coarse  gravel,  well  rammed  . . 

,o.-oao  - 

Kiitter. 

■  Wooden  troughs  with  battens  inside. 

1  inches  apart    .... 

Large  earthen  channels  maintained 

Punjab    Irriga- 

with care 

0-0335 

tion  Branch. 

Small  ditto 

o-oas 

Punjab    Irr^a- 
tion  BtAnch. 

Channels  in  average  osder 

o-oaj 

Kiitt«r. 

Cbansftte  in  order,  betow  the  Mvtn%e 

0-DS75 

Jadcaon. 

Chcnoelein  bad.oi^«r   .        . 

OHSJO 

Kiitter. 

Channels  in  very  bad  order    . 

0-035 

Kiitter. 

Channels  of  worst  possible  character. 

with   turbulent    flow  mid    large 

obEtiuctions       ..... 

0-040 

Jackson. 
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I  have  been  accustomed  to  use  this  formula  for  preliminary  calculations,  and 
have  rarely  found  that  the  values  obtained  by  the  accurate  Kiitter  fbrm,  or  by 
Bazin's  equation,  differ  to  such  an  extent  that  appreciable  errors  are  introduced. 

BAZiifs  Formula. — Experience  has  led  me  to  use  Baiin's  formula  of  1897 
exclusively,  in  accurate  calculations. 

Expressed  in  English  units,  we  have  ; 

where       ■     C=^^l±. 

Baiin  states  that ; 

Class     I.  Y=o-io9  for  smoothed  cement,  or  planed  wood. 

Class   II.  y=o'29o  for  planks,  bricks,  and  cut  stone. 

Class  III.  y'eO'833  for  rubble  masonry. 

Class  IV.  yi=i'54    for    earth    channels    of   very  regular   surface,    or 

reveted  with  stone. 
Class    V,  y=2'3S   for  ordinary  earth  channels. 

Class  VI.  y=3*i7  for  exceptionally  rough  earth  channels  (bed  covered 
with  boulders)  or  weed-grown  sides. 
The  formula  is  founded  on  well-selected  modem  observations  only.  Two 
of  these,  I  am  aware,  were  subject  to  constant  errors  unknown  to  M.  Baon,  and 
it  so  happens  that  these  stand  out  as  markedly  less  accordant  with  Baan's 
results.  Such  confirmation  of  my  own  private  knowledge  has  greatly  increased 
my  confidence  in  the  formula. 

Y=0'r09,  Class   I,  is  founded  on  42  observations,  with  r,  varying    from 
o'i6  foot  to  7  feet,  and  s,  from  o'oooi  to  0*0049. 
It  may  be  considered  as  corresponding  with 
Kiitter's  formula  :— «=o'oio  ;  j=o"cioi        :  when  r=o'4  fool 
n=o'oio;  j=ooooi      :  when  r^o'B  foot  , 
»i=o*or2  J  j^anything  ;  when  r«"2-8  feet. 
1^0*390^  Class  II,  is  founded  on  361   observations,  with  r,  varying  from 
o"i2  foot,  to  3-6  feet  j  and  J,  from  o'ooor  to  o'ao84. 
It  may  be  considered  as  corresponding  with 
Kiitter's  formula :— «=ooi2  ;  j=oooi       :  when  >'=o'S  foot 
ff=o'oi3  ;  .r=>o'oooi      ;  when  r=i*3o  feet 
Y-o'S33)  Class  III,  is  founded  on  34  observations,  with  r,  varying  from 
o*3  foot,  to  S'o  feet ;  and  *,  from  000007  to  o'loi. 
It  practically  coincides  with 

Kiitter's  »=o'0i7;  for.r=o'oot;  for  all  values  of  f. 

1  should  point  out  that  the  mere  description  "  Brickwork,"  or "  Rubble,"  is 
insufficient  to  distinguish  between  this  class  and  Class  II.  The  plotted  points 
representing  the  actual  experiments  indicate  that  two  decidedly  different  classes 
exist,  but  the  descriptions  given  by  the  original  experimenters  are  not  anfficient 
to  enable  the  two  classes  to  be  separated  before  experiments  are  made. 

It  would  appear  that  carefiilly  pointed  rubble  masonry  may  fall  under 
Class  II,  but  is  usually  placed  in  Class  III.  Similarly,  brickwork  is  generally 
relegated  to  Class  II ;  but,  if  laid  as  in  tunnel  work,  or  if  even  small  deposits 
of  silt  encumber  the  channel,  it  crosses  over  to  Class  III. 
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I  usually  adopt  the  following  clasaification : 

First-class  brickwork,  or  stone  laid  in  the  daylight,  well  inspected,  and  the 
whole  work  laid  »o  as  to  secure  smoothness,  can  be  assumed  to  rank  in  Class  1 1 ; 
but  may  change  to  Class  III,  if  it  carries  silted  water,  and  the  silt  \a  allowed  to 
deposit  in  the  channel 

Second-class  work,  laid  carelessly  ;  or  first-class  work  laid  as  in  tunnel  work, 
falls  under  Class  III. 

1  have  found  that  good  woik  laid  by  an  ordinary  builder,  who  is  more 
accustomed  to  houses  than  hydraulic  work,  seemed  to  fall  into  a  class 
approximately  represented  by  y»o-5^  This  value  has  been  adopted  in 
Gennany  for  slime-covered  aewera,  whether  made  of  bricks,  masonry,  cement, 
or  iron. 

Y=i'54,  Cl^ss  IV,  is  founded  on  42  observations ;  with  r,  varyipg  from 
0'55  foot  to  8  feet,  and  i,  from  o'oooi  to  0*014. 

It  practically  coincides  with  Kutter'sw— o*oai  \  j— o'oooi  j  for  all  values  of  r. 

Now,  up  to  this  pwnt,  the  classes  pay  be  said,  >o  far  as  the  experiments 
selected  1^  Baiin  show  (and  1  believe  that  these  include  practically  every 
recorded  experiment  that  can  be  considered  as  of  first^ass  accuracy),  to  have 
a  re^  existence.  No  doubt  points  representing  the  experiments  do  not  always 
MI  (even  approximately)  on  the  lines  representing  these  classes  ;  but  there  is  a 
visible  and  marked  concentration  of  the  points  about  these  lines,  along  the  whole 
range  of  the  values  of  r,  included  in  the  experiments.  In  the  case  of  experiments 
included  in  the  next  two  classes,  which,  as  will  appear,  are  mostly  on  natural 
river  channels,  the  points  fall  in  a  very  different  manner.  Concentrations  exist 
near  various  values  of  r,  and  the  lines  representing  these  two  classes  are  ad- 
justed so  as  to  pass  as  dose  to  as  many  of  these  concentrations  as  possible. 

A  consideration  of  the  graphic  plots,  or  an  arithmetical  study  of  the  actual 
results,  shows  vety  dearly  that  these  are  by  no  means  the  only  lines  that  could 
be  chosen  ;  and,  as  an  illustration,  the  law : 
^_     180 


seems  to  lead  to  a  very  fair  agreement  with  many  series  of  experiments  on 
channels  the  descriptions  of  which  are  quite  sufficiently  close  to  be  considered 
as  a  class  in  Bazin's  meaning  of  the  word. 

It  will  therefore  be  apparent  that  the  next  two  classes  are  really  broad 
chvisions,  and  that  a  natural  channel  may  lie  anywhere  between  say  7—2,  and 

y=3-s- 

' .'i~^"3&   Class  V,  as  Baiin  selects  it,  is  founded  on  231  experiments,  of 
which  only  68  are  on  artificial  channels,    r,  varies  from  o'8  foot  to  18*3  feet,  and 
s,  fVom  oyx)oo3  to  0*0146.     It  may  be  considered  as  corresponding  with 
Kutter's«=o'o3o;  j=oooi  :  when  r=o's  foot, 
M=o'o2S  ;  j=o-ooi  !  when  r=6'4  feet, 
'  »wo'025  ;  J»"0'oooi !  when  r=  18  feet, 

7=3-17,  Class  VI,  is  founded  on  74  experiments,  of  which  only  24  are  on 
artificial  chaimels.  r,  varies  from oi;  foot  to  7-4  feci,  and  s,  from  000014  to 
0*17.     It  may  be  taken  as  corresponding  with 

Kittter's»~pO30;  j=<i"09i     1  when  r=S  feet 
ff=0'Ojo  ;  J'=o'ooooi :  when  r=6'2  feet. 
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Th«  original  memoir  deserves  carefiil  study,  and  may  be  found  in  AJ'.C. 
4me.  Ttimestre,  1897. 

The  impression  left  on  my  mind  is  that  if  a  natural  river  channel  pennits 
such  a  surface  slope  to  exist  that  it  can  be  observed,  it  is  probable  that  some 
formula  of  Bazin's  type  will  represent  the  facts  fairly  accurately.  As  it  is,  the 
f,  which  we  should  theoretically  use,  is  the  surface  slope  overa  very  short  length, 
where  the  stream  is  gauged  (theoretically  speaking,  infinitely  short ;  practically, 
periiaps  TOO  feet  would  suffice). 

Now,  it  can  be  briefly  stated  that  such  observations  have  never  been  mode. 
What  we  actually  observe  is  the  surface  slope  over  anything  between  1000  and 
10,000  feet  length  of  the  river  ;  and  evidently  this  may,  or  may  not  be  the  f,  we 
assume  to  be  used  in  the  formula.  Hence,  quite  apart  from  the  difficulties  of 
measuring  large  volumes  of  water,  we  really  endeavour  to  compare  the  discharge 
with  observations  of  a  quantity  that  may  bear  little  relation  to  the  s,  of  theory. 

Summing  up: — Id  channels  of  the  first  four  classes,  the  forqiula  isquite  as 
accurate  a$  the  usual  hydraulic  foimula: ;  and,  with  care^  it  is  possible  to  pre- 
dict, with  a  fair  degree  of  exactitude,  into  what  class  any-given  channel  falls. 
In  Classes  V  and  VI  the  fonnulse  give  average  values,  and  all  that  can  really 
be  stated  is  that  in  ordinary  work,  if  we  observe  v,  s,  and  r,  we  may  expect  that 
C,  lies  between:  -     ■.. 

The  limits  Ci ^-^utd.  C,=-i^ 

Vr  -/r  .... 

The  real  value  of  Bazin's  formula  is  that  for  the  same  channel,  and  for 
alterations  in  r,  and  v,  such  as  ocour  in  a  channel  which  does  not  visibly  alter 
its  regime,  y  is  fairly  constant.  On  the  other  hand,  if  Ktitter's  n  is  calculated 
under  similar  circumstances,  it  will  usually  be  found  to  vary  more  than  can  be 
explained  by  possible  errors  in  observation. 

Theamount  of  permissible  variation  in  r,  and  v,depends  on  circumstances.  As 
general  rules,  however,  v,should  not  decrease  below  about  i  foot  per  second  ;  and 
if  r,  increases  so  much  as  to  alter  the  general  aspect  of  the  channel  (f.f -if  a  river 
overflowsitsbanks,andspreadsover  wide  f1ats)ywillprobablyincrease  materially. 

Inside  these  limits,  we  have ; 

Graphical  Solution. 

Thus,  we  get  a  very  neat  graphical  construction  (see  Sketch  No.  135). 

Plot  —-,  as  ordinates,  and   ^—  as  abscisstc,  for  each  gauging  of  the 

river.  A  large  scale  must  usually  be  adopted,  0*01=2  inches  being  none  loo 
great  in  ordinary  cases ;  or,  as  in  sketch  the  quantities,  may  be  plotted  to 
different  scales. 

Find  the  mass  centre  of  these  points,  either  by  calculation,  or  by  estimation, 
according  to  the  accuracy  of  the  observations.  Join  this  point  to  the  point 
(o,  0-00635). 

The  tangent  of  the  angle  between  this  line  and  Ox,  is  y,  and  therefore  y  is 
easily  measured. 

It  will  be  found  that  the  only  practical  ntethod  of  odculating  Ktitter's  n,  is 
by  trial  and  error. 
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Umiii  o/Aftplicattott  of  KutUr's  or  Baiin's  formuJie.—Tbmpp  {P.I.C£^ 
vol.  171,  p.  346)  has  collected  the  evidence  on  this  matter,  to  far  as  it  exists. 


Thrupp  states  that  for  slopes  flatter  than  .i=- 
the  mean  velocity  is  given  by ; 


100,000 


0*000002819 

While  1  confess  m^nelf  quite  anable  to  place  diat  confidence  in  the  observa- 
tkms  which  afonnnla  containing  three  or  four  significsnt  figures  would  indicate, 
I  am  at  one  with  Mr,  Thrupp  m  believing  that  for  such  slopes  the  v^C-j'ni 
law  is  not  even  approxi- 


H  ft  li  M  /s  M^ 


mately  ( 

Thrupp  also  states  that 
between 

j= and  J*—  — 

10,000  100,000 

there     is     a     transition 
period,  where ; 

o'i44Z 
while  for  s,  greater  than, 
1_      ^^-n^* 
10,000'    ~o'oi256 
corresponding  to 
C=Bo^-" 
in  the  usual  formula. 

I  agree  that,  logically 
■pealdng,  there  must  be 
a  transition  period,  but 
1  do  not  consider  that 
any  great  error  will  arise 
from  applying  Bazin's  fbr- 
mulie    for    slopes,  as 

small  as  ■ ,  and  that 

50,000' 

is  the  flattest  a  practical 

engineer  requires. 

There  is  also  fairly 
good  evidence  to  show 
that  if  r,  is  less  than  a 
certain  value,  the  law  also 

altera,  very  much  as  is  the  case  in  small  pipes,  due  to  capillarity.  The  matter 
is  of  small  importance,  as  this  critical  value  of  r,  is  so  insignificant  that  no 
practical  applications  are  at  all  likely  to  occur  with  such  small  values  of  r. 

SfLT-BEAJtfjVG  IVATSKs.—Tiie  influence  of  silt  on  the  values  of  Bazin's  y 
or  Kultei's  «,  has  been  incidentally  referred  to  in  the  preceding  work. 

As  a  general  rule,  it  may  be  stated  that  water  which  carries  fine  silt  can  be 
expected  to  show  a  somewhat  higher  value  of  C,  (or  lower  values  of  n,  and  y) 
than  claar  water  under  similar  circumstances.     If  the  silt  is  allowed  to  deposit 


Skbtch  No.  135.— Graphical  Calculation  of  Baun's  y. 
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in  the  ch&nnel  it'niay  generally  be  concluded  ihat  alt  channels  which,  «iien 
unsilted,  possess  values  of  y  exceeding  1*54,  or  values  of  n,  exceeding  o'o3o, 
will  be  improved  in  smoothness ;  and  these  values  may  be  considered  as  the 
maximuin  roughness  which  can  occur  in  a  regular  channel  of  which  the  sides 
and  bed  are  completely  covered  with  a  smooth  lining  of  silt.  Similarly, 
channels  which  are  naturally  smoother  than  the  values  given  will  become 
rougher,  and  may  finally  reach  a  condition  specified  by  y=i"3o,  orwto-oiS. 

If,  however,  the  silt  deposits  are  so  great  that  waves  or  ripples  of  silt  form 
dn^the  bod  of  the  channel,  y  m^y  rise  to  2,  and  n,  may  rise'  to  0*027  (see 
p.  703)- 

The  circumstances  which  produce  deposits  of  this  nature  generally  occur 
when  the  flow  is  decidedly  irregular ;  and  since  the  area  of  the  channel  will 
rapidly  become  insufficient  to  pass  the  discharge  for  which  it  is  designed,  the 
calculations  have  but  little  practical  importance. 

When  metal,  concrete,  or  brickwork  channels  are  used  to  carry  silted  water, 
and  the  velocity  is  sufficiently  high  to  prevent  deposits,  a  relatively  low  value 
of  y  may  be  assumed,  as  the  friction  of  the  silt  wears  away  small  irregularities, 
and  prevents  incrustations  and  growths  of  weed  or  slime.  Some  very  accurate 
gaugings  of  riveted  steel  tubes  used  to  convey  silted  water  on  certain  canals  in 
the  Punjab  show  discharges  which  exceed  Chose  calculated  by  the  ordinary 
rules  for  new  cast-iron  pipes  by  5,  and  6  per  cent.  The  circumstances  ax. 
entry  and  exit  are  peculiar,  and  some  of  the  difference  may  thus  be  explained  ; 
but  there  is  no  doubt  that  any  allowance  for  incrustation  and  other  effects  of 
age  was  quite  unnecessary. 

The  simplified  Tutton  formula  for  pipes  (see  p.  427)  and  Manning's  formula 
for  open  channels  (see  p.  472)  can  both  be  expressed  in  the  form : 

Thus,  if  we  put  Ky-i'«.C,  we  obtain  the  usual  form  »-CVw,  which  is 
convenient  for  calculation.  The  following  table  gives  the  values  of  C,  for 
K— 100,  for  such  values  off,  as  usually  occur  in  practice  i 


DUmeter  of 

Hydraulic  Mean 

Pipe  in  Inches. 

Radius  in  Feel. 

C  =  loot^". 

o-oaoS 

5a-4 

0-0417 

38-9 

0-05 

60-7 

0-0625 

63-0 

0-08.33 

66-1 

o-io 

68-1 

0-1042 

68-6 

o-iis 

JO- 7 

7 

0-1458 

72-S 

0-15 

7Z-9 

8 

0 1666     . 

74-3 

9 

0-1875 

75'6 

.Google 


MA/rjVTJVCPS  FORMULA 
TtMe  tm/itmed'\ 


Dkmelec  of 

C  =  lOOf*-". 

Pipelnfochci. 

R«diuE  in  F««. 

oao 

76-5 

lO 

0-3083 

77-0 

ir 

0-339 1 

78-3 

o-as 

79-4 

14 

0.3917 

8i-4 

0^30 

8i-8 

J5 

0-3135 

83-4 

16 

0-3333 

83-3 

0-3S 

839 

18 

0-375 

84.9 

0-40 

858 

10 

0-4166 

86-4 

11 

0-4375 

871 

34 

0-50 

891 

0-55 

90- 5 

27 

0-5635 

90-9 

0-60 

918 

30 

0-635 

92-5 

0-65 

93-1 

33 

0-6875 

940 

0-70 

94a 

36 

0-75 

95- 3 

0-80 

96-4 

39 

0-8135 

96.6 

0-85 

97-3 

4a 

,   0-875. 

97-8 

o-po 

98-3 

45 

0-937S 

98-9 

0-9S 

99.2 

48 

00 

lOO-O 

L 

10 

IOI-6 

I 

20 

1 03. 1 

I 

30 

J04-5 

I 

40 

105-8 

1 

50 

107-0 

] 

6 

7 

I08-2 
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Tabu  cnHlinuedJ 


Diamelei  of 

Hydnulic  Mon 

C  =  iqor*". 

Pipe  in  Inches. 

Radios  in  Fe«I. 

2-4 

115-7 

a-5 

II6-S 

a.6 

1 1 7-3 

3-7 

ii8-o 

3-8 

II8-7 

a-9 

rr9-4 

30 

I20-I 

3-2 

12  1-4 

3-4 

123-6 

3.6 

133-8 

3-8 

124-9 

40 

126-0 

4-2 

1 37-0 

4.4 

128-0 

4-6 

138-9 

4-8 

139-9 

S-o 

130-8 

Variable  Flow  in  Open  Channels.— The  question  of  flow  in  a  channel 
of  non-uniform  section  is  of  extreme  practical  importance  in  cases  where  flood 
damages  (caused  by  backing  up  of  the  water  levels]  need  investigation. 

The  following  notation  is  unusual,  but  is  that  which  is  best  adapted  for  use 
in  practical  applications. 

Let  v^C<\/rj,  be  the  finction  equation  br  the  sbream  under  considera^on. 
Let  V,  be  the  mean  velocity,  a^  the  area  of  the  cross-section  of  the  channel,  and 
r,  its  hydraulic  mean  radius  at  any  point  distant  /,  feet  downstream  of  a  point 
designated  by  the  suffix  3. 

Then,  the  ordinaTy  BemouilU  equation,  corrected  for  friction,  and  for  the 
fact  that  the  square  of  the  mean  velocity  does  not  entirely  represent  the  mean 
.energyof'the  velocity  of  the  Water  (see  p.  )5)  gives: 


=  (i+<ji)f\-(i-t:°.)t^. 


^y^ 


where  Sit,  is  the  foil  in  the  surface  of  the  stream,  measured  from  the  point  3, 
to  the  point  i,  and  /ig,  is  the  distance  between  these  points  measured  along  the 
course  of  the  stream. 

If  we  assume  that  a, = og,  and  difierenliate  this  equation,  we  get : 


here  tiz,  represents  a  decrease  in  the  reduced  level  of  the  water  surface. 

The  objections  are  obvious.    We  have  no  assurance  that  the  fact  that  the 
igtitHQ  is  varied  does  not  alter  the  value  of  C,  from  that  obtained  by  experiments 
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on  steady  motion.  The  value  of  a  is  uncertain,  even  in  the  case  of  steady 
'  motion,  and  is  consequently  still  more  so  under  varied  motion. 

The  question  was  experi mentally  investigated  by  Darcy  and  Baztn 
{Recherche3  I/ydrauligues),  and  less  thoroughly  by  Ferriday  {Engineering 
News,  July  II,  1895).  The  general  result  is  that  if  a,  and  C,  are  assumed  to 
possess  the  values  found  by  experiments  on  similar  channels  in  which  unifonn 
How  occurs,  the  observed  values  of  ^u,  may  differ  as  much  as  22  per  cent,  front 
the  calculated  values.  The  mean  error  (no  regard  being  paid  to  sign)  is  less 
than  8  per  cent,  and  if  the  sign  is  taken  into  account  is  less  than  3  per  cent. 
Consequently,  this  last  figure  best  represents  the  probable  agreement  of  a 
calculated  and  an  observed  backwater  curve,  when  C,  and  a,  have  been  specially 
determined  by  experiments  on  uniform  motion  in  the  channel  to  which  the 
calculations  are  applied.  In  practical  applications,  errors  of  10  per  cent,  may 
be  regarded  as  probable,  since  C,  is  not  likely  to  be  so  accurately  determined. 

The  values  of  1  +<■,  according  to  Darcy  and  Bazin  {ut  supra)  are  as  follows : 


ChMUWlof 

1+0. 

Rectangular  ^ape ;  in  planed  timber 
Do. ;  with  battens,  4  inches  apart    . 
Do. ;  do.,  3  inches  apart. 
Wooden  culvert      .... 
Trapezoid ;  in  planed  timber  . 
Masonry  walls        .... 
Semicirculai  channel  in  cement 
3  cement,  i  sand     .... 
Semicircular  j  in  timber  . 
Do. ;  covered  with  gravel 

/  1-05  a 

1  1038 

1-078 

{ ;::;^ 

lOJI 

1025 
1043 

In  unironn  motion. 
In  varied  motion. 
In  uniform  motion. 
In  varied  motion. 
In  uniform  motion. 

do. 

do. 

do. 

do. 

do. 

do. 

do. 

a  eridvotly  depends  on  Uie  roughness  of  the  channel,  and  also  to  some 
degree  on  its  form. 

Darcy  and  Baiin  suggest  the  following  equation  for  unijbrm  motion  : 

Now,  let  J,  be  the  slope  of  the  bed  of  the  channel,  which  is  assumed  to  be 
unifonn,  and/,  be  the  depth  of  the  water  at  any  point.    Then  : 
»i»  =  slit-  Wi—ft)-       Where y;,  is  downstream  of/,. 
dx  =  sdi—df.  Where  1^  is  positive  when  the  depth  increases 

in  the  downstream  direction. 
Now,  If  Qi  be  the  quantity  of  water '  flowing  in  the  diannel,  hi  cusecs, 
we  have  in  general : 


and  in  particular,  v, 


=  Q'. 


=  2!: 


/'■ 


l^Ml'JMr 
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where  Hgi,  and  rn,  Are  quantities  which  are,  in  a  sense,  the  mean  area  and  the 
mean  hydraulic  radius  of  the  channel  between  the  points  i  and  3,  and  can  be 
calculated  when  the  geometrical  relation  between  a,  r,  and  /,  is  known  for  each 
point  of  the  channel. 

We  thus  obtain  the  equation  : 


w 


This  form  of  the  equation  may  be  applied  in  cases  where  the  cross-section 
of  the  channel  alters  but  little  in  the  length/,,.  Unless  the  relation  between 
a  and  /,  be  such  as  to  permit  «„  and  r,t  to  be  accurately  calculated,  it  is  a 
mere  i^proximation. 


Jump 


bore 


In  practice,  the  most  accurate  solution  is  obtained  from  the  diffeTential 
equation  which  gives : 

di  g        a  <a\a)     ?C*? 

This  equation  can  be  integrated  by  assuming  that : 

«  =  */:        Mdr-/. 

That  is  to  say,  the  channel  section  is  assumed  to  be  approximately  rectangular, 

and  its  breadth  b,  is  assumed  to  be  constant,  and  to  be  large  in  comparison 

with/. 

We  then  get : 


#=_ 
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or  if  F,  be  substituted  for  the  value  of/,  which  occurs  in  untfenn  flow  when  the 
discharge  is  Qr,  we  have  : 

If  we  now  put  ^  =  x,  the  integration  of  this  equation  leads  to  : 

.  F^-F(i-(l±?^')0(^)+a  constant, 

Where  0(j:)  is  tenned  the  backwater  function. 

In  the  table  on  page  T006  (which  is  due  to  Bresse}  it  will  be  noticed  that 

^x),  is  tabulated  in  terms  of  an  argument  -—{->)■  ^^u^  i^  Uable  to  lead  to 
confusion  unless  care  is  taken.  With  the  help  of  this  table  we  can  plot  the 
curve  assumed  by  die  water  surface.    The  process  is  as  follows : 

The  value  of  f\,  is  assumed  as  known  froin  previous  calculation.  We 
assume  a  value  of  ^  and  determine  the  distance  /n,  between  the  point  where 
the  depth  is/i,  and  that  where  it  isy^. 

It  will  be  observed  that  the  order  now  adopted  is  precisely  the  reverse  of 
that  used  in  the  mathematical  discussion.  The  change  of  order  appears  to  be 
necessary,  and  while  it  may  render  the  mathematical  equations  obscure, 
it  greatly  assists  the  practical  calculations.  Taking  the  integration  from 
x  =  Xf  (Le.  /=/»}  lo  X  =  x„  (i.e./=/i),  and  reckoning  /n,  as  positive  when 
measured  upstream  from  i  to  3,  the  equation  becomes : 

/„  .A_^+F(!-(l+f)2){«rJ-«(«.)} 

The  case,  most  usually  considered  is  where  a  dam,  or  other  obstruction, 
exists  in  the  stream. 

Thus,/,  and  /%  are  both  greater  than  F,  and  consequently  xi  and  jr„  are 
greater  than  i,  although  it  must  be  remembered  that  the  function  ^  {x\  is 
tabulated  by  arguments  which  are  less  than  i,  being  —  and  — ,  so  that  the 
equation  might  be  better  written  as  : 

'..=*7^'-Kr''^)«i)-H|)} 

When  a  sudden  fall  occurs  in  the  bed  of  the  stream,/,  and/,,  are  less  than 
F,  and  consequently  x,  is  less  than  i . 
A  similar  investigation  g^s  us ; 


-/^Vr(^-'^){,(4-)-4)) 
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where  x^x),  is  juotlicr  function,  which   is    Mbnlated   u    ih«    "drop  down 

function."    This  function  is  tabulated  under  the  argument  ^- 

The  above  equations  are  subject  to  certun  exceptions  which  prodiKe 
phenomena  tenned  "standing  waves,"  and  "bores."  These  occur  when  ^, 
is  infinite. 

The  standing  wave  can  be  produced  experimentally,  and  the  following 
investigation  is  reliable.  The  short  investigation  given  on  the  bore  is  due  to 
Merriman,  and,  as  he  states,  must  not  be  regarded  as  in  any  way  complete 
or  reliable- 

(i)  The  standing  wave,  or  jump,  occun  when  the  value  of  %^  is  infinite,  and 
positive.  Thus,  if  /«,  represent  the  depth  just  before  the  jump  occurs,  we 
have  Vf  =  "^gfti  and  s  must  be  greater  than  ^  That  is,  if  C  =  loc^  the 
slope  must  be  steeper  than  0*00322. 

The  water  surface  suddenly  rises  in  a  wave.  The  following  fonnul<e  for  j 
(the  haght  of  this  irave)  is  given  by  Merriman,  and  agrees  very  well  with  the 
experiments  of  Bidooe,  Darcy  and  Baiin,  and  Ferriday. 

The  velocity  head  lost  is  represented  by :  -—■ — 1-  and  this  is  expended ; 
{i)  In  loss  in  impact,  represented  by : 

ig 
(ii)  In  raising  the  whole  of  the  water  through  a  height"^- 
Thus,  putting  vtft  "  wi/i  =  fiUt+J)  we  get : 

Since  friction  is  neglected,  the  computed  values  ate  usually  a  little  greater 
than  the  observed. 

(ii)  The  Bore. — Here  also,  ^  is  infinite,  but  negative.    That  is  to  say, 

Vt  =  "^gfii  i">d  Vt  is  greater  than  C  ^/i*,  or  s  is  less  than  ^^ 

For  example,  at  Johnston,  v,  =  18  feet  per  second.     Thus  : 
^  =-^=  24  feet,  and  the  slope  being  about  -^  we  find  that  C",  is  less  than 
180  X  3Z*2,  or  that  C,  is  less  than  76. 

Practical  Calcuiation  of  Backwater  Cintvss.— This  is  most  easily 
efTected  by  dividing  the  flooded  portion  of  the  river  into  short  lengths,  aver 
each  of  which  the  cross-section  can  be  considered  as  approximately  rectangular, 
and  of  uniform  breadth,  so  that  the  depth  of  the  water  alone  varies.  We  then 
assume  that  i+a  =•  i,  and  use  the  following  formula  : 

'..  -•^+F(i-f  )(*(',)-«r,)) 
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in  order  to  calculate  /,g,  for  an  assumed  /i,  the  depth  at  the  point  /=  c^  bdng 
assumed,  or  previously  calculated  as,  equal  to/i- 

A  study  of  the  cross- sections  of  the  river  bed  will  show  whether  the  value  of 
i\t  thus  obtained  is  sufficiently  small,  to  permit  us  to  consider  the  assumption  re- 
garding the  constancr  of  the  breadth  of  the  river  over  the  Jen^h  /[,  as  correct 
If  this  is  not  the  case,  we  must  assume  a  new  value  of /j,  which  is  somewhat 
larger  than  that  first  obtained,  so  as  to  secure  a  value  of  /n,  which  will  cause 
the  assumption  to  be  approximately  correct  When  a  satisfactory  value  of  l\t 
is  obtained,  we  must  consider  the  channel  above  the  point  2  {i.e.  the  end  of  the 
reach  of  length  /]g),  and  if  necessary  determine  the  new  values  of  F,  C,  and  s, 
s^y  ^\<  C)t  and  y,,  which  are  appropriate  to  the  reach  above  the  point  3.  We 
can  then  determine  the  length  l%t,  in  this  reach,  at  which  a  depth ^,  occurs,  by 
the  equation  : 

The  foUowing  calculation  will  render  matters  clear ; 

Take  a  stream  discharging  3;'4  cusecs  per  foot  of  its  width,  and  let  s  =  0*001, 
and  C  B  too. 

In  uniforai  flow  we  find  that  F  =  j,  and  that  v  =  7-09  feel  per  second.  Now, 
let  a  broad  topped  weir  (r'.«.  weir  co-eScient  —  264  (see  p.  128)),  5  feet  high,  be 
erected  in  the  channel.  The  depth  over  the  weir  is  $-65  feet,  so  that  the  total 
depth  of  the  stream  just  above  the  weir  is  /,  =  10-65  feet  The.  flow  above 
the  weir  will  be  variable,  and  we  have  : 

/..  -  (/.-/,)-ooo+5(iooo-^)t^,)-«(*,)} 

=  iooo(/,-/.)+3447{*(-'^s)-*<'i)! 
Assume  that^  =  965  feet    We  consequently  get  r 


-  =0-469. 


-^r"'" 


Xi     /,      10-65 

*C*«)-*<-fi)  =  0-1413-0-1149  =  0-0274. 
Therefore,  i„  =  looo-t- 3447x0-0374  —  iooo-l-94-S  =  1094-5 

So  that  the  effect  of  the  bacl^  water  is  to  put  the  depth  9-6;  feet,  94-$  feet 
higher  up  the  stream  than  would  be  the  case  if  the  water  surface  was  parallel 
to  the  bed  of  the  stream. 

Proceeding  in  this  manner,  we  get ; 


in^. 

X 

«*). 

1 
«j:,)-«*,).j   iooo  +  3447{«*.)-*(*,); 

Di«unce 
above  the 
Weir  in  Feet 

10-65 
9-65 
8-65 
765 

0578 

0-654 

0-II49 

0-i4»3 
0-1818 
0-2431 

1 

o-oa74      .                 1094s 
00395      ;                 '>36-> 
0-0613                    riii'i 

I094'S 
2230-6 
34417 

This  table  permits  the  backwater  curve  to  be  set  out,  and,  if  necessary,  the 
calculations  can  now  be  repeated  with  shorter  intervals  between  the  s 
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\  stndr  of  the  cross-sectrons 


depths,  and  more  correct  values  for  C,  and  f, 
indicates  that  this  is  desirable. 

Let  us,  however,  suppose  that  at  a  distance  of  3500  feet  above  the  weir,  the 
channel  alters  its  shape,  slope,  and  roughness,  so  that  it  is  better  represenled 
by  J  i^  00005,  ^^^  C  =  8a,  and  that  the  breadth  is  now  double  what  it  was 
before.  We  easily  find  the  new  value  of  F,  say  F,  =  4*6  feet,  and  the  initial 
depth /«,  can  be  taken  with  all  necessarY  accuracy  as  equal  to  7"6  feet. 

We  now  get,  \ix^  =-y-,       .r.  =  ^  ; 

/„  =  200oCA-/,)+4-6(200o-^^J{«tr,)-./^.r,)! 
=  2O<»(/4-/.)+829s)^.r,)-0(f4)J. 
The  tabulation  is : 


7-6 
6-6 
5-6 


©■605 
0-697 


0*2019 
o-.85=, 
0-4581 
■903        0-6590 


V0833 
51729 
iaoog 


-. 

■^1 

f 

Pi 

-;» 

■5: 
1 

0 

691 

2691 

2691 

1434 

3434 

6135 

1866 

1866 

8,9, 

The  curve  can  thus  be  set  out,  and  can  be  corrected  as  already  suggested,  if 
requisite.  The  fact  that  a  has  been  made  equal  to  o,  might  also  be  allowed 
for,  but  it  is  only  very  rarely  that  our  knowledge  of  C,  is  sufBciently  accurate 
to  permit  this.  For  instance,  were  it  known  that  i  +a  was  i-o6,  the  formula; 
merely  require  us  to  use  6400(1-06)  =  6784  for  C*,  or  the  effective  C,  would  be 
^'6784  =  82-4  say,  and  accuracy  of  this  character  in  observations  which  deal 
with  floods  is  npt  likely  to  be  easily  attained.  Of  course,  in  the  case  of 
laboratory  experiments,  such  precision  may  be  arrived  at,  and  may  prove  a 
useful  exercise. 

When  J,  is  equal  to,  or  greater  than  ^  (which  will  be  obvious  when  the 
calculation  is  first  attempted),  a  standing  wave  occurs.  Its  position  can  be  fixed 
by  calculating  the  depth  just  upstream  of  the  wave,  and  its  height  by  the 
formuUe  already  given.  We  thus  obtain  the  depth  just  downstream  of  the 
wave,  and  this  can  be  put  for^g,  in  the  general  equation,  and  /,  the  distance 
from  the  weir  to  the  wave  can  then  be  calculated.  Standing  waves  occur  in 
certain  cases  in  irrigation  canals.  I  have  applied  the  fonnulae  in  order  to 
calculate  several  actual  observations.  The  results  are  not  as  satisfactory  as 
might  be  expected.     On  the  other  hand,  the  drop-down  curve  before  the  wave, 
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agrees  fairly  well  with  calytlation.  A  change  in  the  value  of  a.  may  be  sus- 
pected, or,  in  such  large  scale  examples  shock  may  play  a  greater  part  than  in 
small  vxperimental  channels. 

The  case  of  a  drop-down  curve  can  be  similarly  treated.  Snch  cases  are 
very  infrequent  in  practice,  so  that  a  detailed  example  is  not  necessary.  As  a 
general  principle,  the  occurrence  of  drop-down  curves  should  be  prevented  by 
a  correct  design  of  th«  channel  Backwater  ccmdilions  only  produce  trouble 
(other  than  flooding)  in  water  which  contains  silt.  Drop-down  curve  conditions 
lend  to  produce  erosion,  and  if  this  occurs  the  water  becomes  charged  with  silt, 
and  all  the  attendant  silt  troubles  may  have  later  to  be  faced. 


Symbols  connected  with  Tkansfost  of  Matkkiai. 

a,  isR  coefficient  employed  by  Lechalu  in  the  equatioD,  P  =  a  (i^-o'67). 

J,  is  the  bsd  width  of  the  river  in  feet 

1/,  is  the  depth  of  the  stream  in  fecL 

i,  ii  a  coefficient  in  the  eqoation  q=h^    (see  p.  491). 

M,  iea  coefficient  in  the  eqnationrfaM-    ~     "       M  =  — r— . 
As.  rule,  dJ^^,  m  th«t  M^i   "'^"^  "'     f««  P-  49')- 

,   .   ,,     _^  Qnantily  of  aill  carried  fonwd        q 

/,  IS  the  ratio:    ^- — ■.    '■, t-t^ -a  —  h 

Quantity  of  waier  earned  forward    Q 
P,  is  the  total  force  ituusporting  the  ult. 
p,  is  the  number  of  cubic  feet  of  lUt  cairied  forward  per  foot  width  of  the  bed.     Thus, 

the  discha^  of  silt=d^  cuaeei. 
Q,  U  Ibe  numb^  of  cubic  feet  of  water  carried  forward  per  foot  width  of  the  bed.     Thus, 

the  discharge  of  water  — JQ  cusecs. 
r«  is  the  velocity  of  the  water  at  the  bottom  of  the  stream,  in  feet  per  second, 
fjjis  the  surfiKe  velocity. 
V,  is  the  mean  velocity  of  the  stream. 
Vi  and  V,  (see  p.  490). 

SuKMAKV  OF  Formula 

Lechalas'  investigation  of  Phases  I  and  II : 

?  =  ^(„.«-o-67)  rf=M^zp3. 

Deacon's  investigation  of  Phase  III : 

p 

Gbnkkai.  Rclbs. 
I.  FintSiU— 

Clear  water  scour  when  v,  is  greater  than— o'40-yi£  _      , 

Silted  water  does  not  deposit  when  v,  is  greater  than  1  -05  Vrf. 
Silted  water  scours  when  f,  is  greater  than  l-yj-Jd. 
II.  CoaruSaitd— 

Clear  water  scour  wlten  v,  is  greater  than  I '&'°'** 

Silled  water  does  not  deposit  when  n,  is  greater  than  2-3d  "■" 

III.  C««rti  Gravel— 

Clear  water  scours  when  11,  isgreater  than  I'oij*'** 

Silted  water  docs  not  deposit  when  v,  is  greater  than  a'Srf*'" 

IV.  Boulders  are  moved  when  v,  exceeds  Srf''" 
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Tkansportinc  Powsk  of  Currents  of  Wa^jir.— This  is  one  of  the 
least  understood  subjects  in  hydraulics. 

Deacon  {P.I.C.E.,  vol.  118,  p.  93)  gives  a  very  detailed  description  of  the 
motion  of  sand  in  a.  trough  with  glass  sides. 

The  first  movement  began  with  a  surface  velocity  of  1*3  foot  per  second, 
and  was  confined  to  the  smaller  isolated  grains.  If  this  vdocity  was  main* 
tained,  the  grabs  arranged  themselves  in  beds  pcrpendtcnlar  to  the  current, 
in  the  form  of  the  well-known  sand  ripples  of  the  seashore.  The  profile  of 
each  ripple  had  a  very  slow  motion  of  translation,  caused  by  particles  running 
up  the  (latter  slope,  and  toppling  over  the  crest.  At  a  sur£we  velocity  of  I'j 
foot  per  second  the  sand  ripples  were  very  perfect,  and  travelled  with  the 
stream  at  a  speed  of  about  5^^  of  the  surface  velocity.  At  a  sut&ce  velocity 
of  175  feet  per  second  the  ratio  was  reduced  to  ^^5,  and  at  a  feet  per  second 


° Surduhebj^S.   of  3  ttakr^  in   &  ft.   G  per  7  sec. 

Skbtch  No.  137. — Deacon's  Experiments  on  the  Transportation  nf  Sand  by  Water. 

was  reduced  to  \\^.  A  critical  velocity  was  reached  lat ^2 'I252feet  per  second, 
the  sand  ripples  becoming  very  irregular  ;  the  particles  rolled  up  the  flat  slope, 
and  in  place  of  toppling  over  the  steep  incline  were  occasionally  carried  by  the 
water  direct  to  the  crest  of  the  next  ripple. 

At  about  2*5  feet  per  secotid  another  critical  velocity  was  reached,  and 
many  of  the  little  projectiles  cleared  the  top  of  the  first,  or  even  of  the  second 
crest.  At  surface  velocities  of  2'6  to  2*8  feet  per  second,  the  sand  ripples 
became  more  and  more  ghost  like,  until  at  2-g  feet  per  second  they  were 
wholly  merged  in  particles  of  sand  rushing  along  in  suspension  in  the  water. 

The  above  description  clearly  shows  three  phases  of  sand  motion. 

Firstly,  a  discontinuous  rolling;  motion,  with  surface  velocities  between  1*3 
and  2'i  feet  per  second. 

Secondly,  a  discontinuous  suspension  in  the  lower  layers  of  the  current 
between  2'i  and  2*9  feet  per  second. 

Thirdly,  a  continuous  suspension  at  surface  velocities  above  2*9  fieet  per 
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It  frill  also  be  plain  that  the  above  vdochies  ooly  apply  to  the  smaller 
gnuDs  of  sand.  The  bottom  velocities  are  not  ^ven,  nor  is  the  sixe  of  the 
sand  grains,  so  that  the  observations  are  qualitative  only. 

We  are  thus  laced  with  the  following  difficulties  :— 

I.  Any  snbstan«:e  occurring  in  Nature  is  a  mixture  of  grwns  of  difTerent 
siies,  and  vistial  observatjons  are  liable  to  give  figures  relating  to  the  nnaller 
grains  alone,  as  their  motion  renders  the  movement  of  the  larger  grains 
invisible. 

'  II.  The  phenomena  appear  to  depend  on  the  magnitude  of  the  velocity  at 
points  close  to  the  bottom,  possibly  (as  Flamant  suggests)  also  on  the  mte  of 
variation  of  these  vdocities  with  the  distance  from  the  bottom.  All  that  can 
be  readily  measured  is  the  surface,  or  the  mean  velocity  ;  and  the  mere  fact 
that  transport  of  material  is  taking  place  will  plainly  aher  the  relation  which 
the  itelocities  near  the  bottom  bear  to  the  rarbce,  or  mean  velocities. 

Thus,  any  general  theory  of  the  transport  of  materiab  by  water  is  likely 
to  prove  vary  complicated. 

The  present  treatment  follows  the  method  of  Lechalas'  investigation  of 
Sainjon's  observations  on  the  motion  of  sand  in  the  Loire  {A.P.C.,  i£7i, 
V€A.  1).  The  difficulties  above  referred  to  are  very  forciUy  brought  oat,  and  it 
can  be  stated  that  :— 

If  Vg,  represent  the  velocity  in  feet  per  second,  at  or  near  the  bottom  of 
the  river 
v^  the  surface  velocity  of  the  river 

V,  the  mean  velocity  of  the  river,  or  probably,  more  accurately,  the 
mean  velocity  over  the  vertical  (see  p.  52). 

Then,  for  sand  with  grains  of  a  mean  ditimeter  of  cro4  inch  we  have  as 
follows  : 

Until  Vb,  exceeds  o'Sa  foot  per  second  (or  v,  exceeds  i'i8  foot  per  second, 
or  Vft  exceeds  ri?  foot  per  second),  there  is  no  motion  (corresponding  to 
Deacon's  v,=  1-3  foot  per  second).  Once  motion  begins,  v^  cannot  be 
directly  observed,  but  the  state  corresponding  to  Deacon's  v,  -  29  feet  per 
second,  is  reached  with  w.—S'SS  to  3-38  feet  per  second. 

Lechalas  assumes  that  the  force  available  to  move  the  sand,  when  ii^ 
exceeds  0*82  feet  per  second,  is  : 

P-<i(t'.>-o-82«)=<i(v,»~o-67) 
and  this  he  puts  equal  to  dq,  where  f,  is  the  amount  of  sand  transported  per 
foot  width  of  the  river,  which  is  assumed  to  have  a  bed  width  of  b  feet. 

We  thus  have  q  ^  ^{vc* -o'tj)  so  long  as  v^  does  not  exceed  3-33  feet 

per  second,  (md  Lechalas  finds  that-T-s=  '0004,  where  g,  is  expressed  in  culric 

feet  per  second  per  foot  width  of  the  bed.  This  equation  refers  to  a  case  where 
the  sand  "  ripples  "  were  some  37  feet  high  ;  but  the  scouring  action  is  staled 
to  be  normal,  the  height  of  the  ripples  being  caused  by  ifregular  flow. 

Since  the  quantities  thus  cakalated  agree  very  accurately  with  the  observed 
velocities  of  the  profiles  of  the  sand  ripples,  we  may  infer  that  the  motion  of 
■and  or  gravel  under  the  influence  of  a  current  of  water  may  be  very  Wriy 
represented  as  follows  : ' 
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So  long  as  the  velocity  measured  close  to  the  bottom  of  the  cun«nt  does 
not  exceed  a  certain  value,  which  1  propose  to  call  that  of  fint  scouring,  equal 
to  V,,  the  particles  remain  undisturbed. 

If  this  velocity  of  first  scour  is  exceeded,  motion  begins  according  to  Phase  I, 
and  gradually  passes  over  to  Phase  II,  but  there  is  no  abrupt  change  in  char- 
acter, until  Phase  III  is  reached,  with  a  bottom  velocity  which  I  propose  to 
caU  that  of  the  second  scouring,  equal  to  V,.  When  the  bottom  velocity 
exceeds  this  value,  the  whole  of  the  bottom  la.yers  of  water  are  charged  and 
clouded  with  sand,  and  this  cloud  rises  higher  and  higher  as  the  velocity  is 
increased. 

Our  knowledge  is  best  for  coarse  sand,  the  particles  of  which  have  a  mean 
diameter  of  0*04  inch  approximately. 

Here  Vi  —  0*82  foot  per  second,  and  Vj  is  about  I'So  foot  per  lecond. 
The  values  coiresponding  to  V„  for  other  substances  are  fairly  well  established, 
and  are  tabulated  in  the  second  c<duinn  of  the  annexed  table. 

Now,  in  the  case  of  dear  water  flounng  in  an  earth  channel,  it  is  plain  that 
oitce  the  bottom  velodty  'exceeds  Vi,  the  channel  will  be  scoured,  and  scour 
will  continue  until  by  the  increase  in  size  of  the  dunnel  the  bottom  velocity  is 
reduced  to  the  value  of  V],  corresponding  to  the  material  of  which  the  channel 
bed  and  sides  are  formed.  This  action  must  be  provided  for  in  designing  the 
cross-section  of  the  channel. 

It  is  only  very  rarely  that  clear  water  flows  in  natural,  unlined  channds. 
Usually  the  water  carries  some  silt  before  it  enters  the  channels  ;  and  it  is 
plain  that  if  we  design  the  channel  so  that  the  quantity  of  silt  carried  forward, 
is  equal  to  that  already  in  the  water  we  obtain  a  channel  which  neither 
silts  nor  scours,  and  which  carries  both  sand  and  water.  The  bottom  velocity 
which  prevails  in  this  channel  may  obviously  have  any  value  which  is  greater 
than  V„  and  will  depend  solely  upon  the  value  off. 

Thus,  assuming  Lechalas'  law,  we  have  as  follows : 


f  in  Cubic  Feet 

0-00013 
000031 
0-00053 
000076 
0-00103 

Bollora  Velocity  in  Feet 
per  Second. 

K-„. 

©■8z 

I -00 

140 
160 

1.80 

Oear  water,  commencement 
of  first  phase  of  transport. 

Probable  beginning  of  third 
phase  of  transport 

Lechalas  investigated  the  laws  of  transport  at  velocities  which  exceeded 
Vi=i'8o  foot  per  second,  but  his  results  are  not  confirmed  by  Deacon's 
experiments,  and  he  does  not  appear  to  have  had  personal  experience  of  the 
case. 

The  above  table  requires  cnreful  consideration.    It  must  be  remembered 
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that  q,  is  an  absolute  quantity,  and  is  not  a  ratio.  Thus,  let  as  con- 
sider that  f—o'oooji.  We  find  ihat  a  channel  which  carries  o'oooji  cubic 
feet  of  sand  per  second  per  foot  width  of  its  bed  must  have  a  bottom 
velocity  of  I'zo  foot  per  second,  whatever  its  depth  may  be.  Let  us  assume 
a  depth  of  I  foot.  The  mean  velocity  is  about  17  foot  per  second,  and 
the  ratio  is  approximately  equal  to  o'ocx>2.    But  if  the  channel  is  10  feet 

deep,  the  mean  velocity  which  occurs  when,  the  bottom  velocity  is  1*20  foot 
per  second  will,  if  anything,  be  slightly  greater  than  17,  and  the  ratio  of  the 
silt  to  the  water  will  be  0-00002,  or  only  one-tenth  of  that  existing  in  the 
shallower  channel.     Now,  in  water  as  it  exists  in  Nature,  the  ratio  —5! — 

is  usually  fairly  constant  along  the  whole  course  of  the  river,  or  artificial 
channel.  Hence  we  arrive  at  the  general  principle  that  water  which  carries 
a  fixed  quantity  of  sand  per  unit  volume  of  water  must  increase  its  rapidity 
of  flow  when  the  bed  width  of  the  channel  decreases.  Therefore,  if  the  volume 
of  water  and  silt  carried  down  the  channel  is  constant,  the  deeper  the  chaimel, 
the  greater  is  the  mean  velocity  required  to  prevent  the  deposition  of  silt. 
If  we  assume  Lechalas"  figures  are  correct,  we  have  as  follows  ; 

Putting  Q=the  number  of  cubic  feet  of  water  flowing  per  foot  width  of 
the  stream  bed  per  second,  and  d—  the  depth  of  the  stream  in  feet : 

then,        Q=W=^say,      and      ^=>Q,  lAere  A « the  ratio  . 

07      '  ■  »    J- 1 1  rt  ■•Maxex 

Thus,  o'ooo4  (Ho'— o-67)=^-^  or  substituting  in  terms  off,  we  get : 

rf=!^:33  XO00O2  =  mJ^33  ^^^ 

as  the  relation  between  v,  andi^,  whenj»,  is  given.    This  relation  may  be  taken 
as  qrpical  of  the  conditionB  during  the  first  and  second  phases  of  motion. 
During  the  third  phase,  it  is  believed  that,  q=ki^. 

Thus  we  get,         d=  =" 
P 
Through  the  courtesy   of  Mr.    Martin   Deacon  I  have  been  enabled  to 
consult  the  experiments  already  referred  to.     In  these  the  water  was  8  inches 
deep,  and  during  the  third  phase  of  motion  the  relation  q=&-]%  -vf^  was  found 
to  hold  where  f ,  is  expressed  in  pounds'per  hour. 

Assuming  that  Vi=i'o5  v,  which  is  probably  approximateiy  true  for  atron^ 
with  glass  sides,  and  that  I  cube  foot  of  sand  weighs  100  lbs.,  we  have : 
f— 00000038  1^,  or  o'ooooi66  fs»,  in  cube  feet  per  second. 
The  rule  bears  no  resemblance  to  Lechalas',  but  this  is  hardly  surprising, 
as  the  observations  were  nearly  all  made  during  the  third  phase    of  the 
transport  of  the  sand. 

Thus,  in  the  case  of  the  Mersey  sand  used  by  Deacon,  we  find  that : 


a  channel  which  neither 
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Similar  rules  could  be  deduced  for  any  other  substance  provided  that 
proper  experiments  were  available.  At  present  it  is  impossible  to  give  rules 
which  will  permit  the  effect  of  the  size  of  the  individual  grains  and  the  ratio 

— ——  to  be  accurately  allowed  for.  I  have,  however,  for  many  years  noted 
and  plotted  the  velocities  and  dimensions  of  all  the  silt-carrying  channels 
which  1  have  been  able  to  observe.  Taking  the  tenn  clear  water  to  mean 
water  which  is  dear  to  the  eye  in  bulk,  as  seen  in  the  river,  but  irttich  probably 
rolls  some  silt  along  the  bed  of  the  river,  I  find  that  the  following  rules  bold 
8«od: 

I.  For  fine  silt,  with  a  mean  diameter  of  about  O'oi  inch,  using  feet  and 
feet  per  second  as  units,  it  would  appear  that : 

(i)  Clear  water  scour  isof  importance  if  «/,  exceeds  0-40  i/l. 
(ii)  Heavily  silted  water  gives  no  deposit  if  v,  exceeds  I'o;  ijd. 
(iii)  Heavily    silted  water    begins    to  scour  noticeably  if  v,    exceeds 
1-37  -JT. 

I I.  For  coarse  sand,  say  with  a  mean  diameter  of  0*04  inch,  we  have : 

(i)  Noticeable  scour  in  clear  water  if  v,  exceeds  ffe^"**. 

(ii)  Heavily  charged  water  does  not  deposit  if  w,  exceeds  2'3</''". 
in.  For  coarse  gravel,  say  pea-site  : 

(i)  Scour  begins  if  w,  exceeds  a'orf*'". 

{ii)  Heavily  charged  water  does  not  deposit  \iv,  exceeds  rs<f  ■*•. 
tV.  Boulders  are  moved  along  if  »,  exceeds  Jii*'". 

The  whole  of  these  results  are  only  approximate,  and,  except  for  the  first 
two  cases,  rest  on  very  slender  experimental  evidence. 

If  we  may  assume  that  the  experiments  conducted  by  Lechalas  and  Deacon 
give  the  general  laws  of  silt  transport  correctly  for  the  motion  during  the  three 
phases  previously  defined,  it  is  fairly  plain  that  the  observations  on  fine  silt  and 
coarse  sand  (Classes  I  and  II)  refer  to  rivers  where  the  ripple  method  of 
transport  occurs,  and  that  the  coarser  materials  of  Classes  III  end  IV  {»>. 
coarse  gravel  and  boulders)  were  only  moved  when  sand  was  being  shifted 
continuously  as  in  Phase  III  (see  p.  491).  I  do  not,  however,  consider 
that  the  experimental  data  are  yet  sufficiently  extensive  to  permit  so  definite 
a  statement  to  be  made.  The  particular  case  of  Punjab  silt  has  been  very 
carefully  investigated  by  Kennedy,  and  his  laws  are  considered  on  page  755. 

I  consider  the  general  rules  that  fbe  deeper  the  channel  the  leas  likely  it 
is  to  scour,  and  that  the  coarser  the  material,  the  less  marked  the  effect  of  the 
depth,  are  quite  reliable.  In  this  connection  I  would  refer  to  a  paper  by  Thtnpp 
(P.I.C.E.,  vol.  I7t,  p.  346),  which  is  well  worth  reading  : 

Thrupp's  curves  for  depths  over  d'=ar^  foot,  agree  very  well  with  : . 

Mud  and  silt  not  moved  i  v,  is  less  than  otiod^-* 

Fine  silt  moved 

Fine  sand  moved 

Coarse  sand  moved 

Pea-sized  pebbles  moved 

Large  pebbles  (egg-siied)  moved 

Large  stones  moved 


if  ic,  exceeds 

o-4orf- 

if  v,  exceeds 

rsJ-** 

if  V,  exceeds 

.-s^» 

if  w,  exceeds 

a-2rf»-» 

if  V,  exceeds 

S-od*-" 

if  V,  exceeds 

i7rf»" 
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Tbiupp's  curves  show  a  wdl  marked  change  in  the  laws  of  scouring,  and 
ailting,  when  the  liydrauhc  radius  passes  through  a  ralue  approximately  equal 

This  may  be  regarded  as  most  doubtful,  since  Deacon's  experiments  agree 
very  well  with  the  laws  deduced  &om  large  natural  channels.  In  actual  expeii- 
mental  work,  however,  it  would  appear  advisable  to  use  a  fairly  big  channel, 
where  say  r=o'5o  foot  at  least  My  own  experience  with  small  channels  leads 
me  to  consid^  that  the  transport  of  sand  is  considerably  affected  by  accidental 
disturbances  such  as  shaking,  or  waves  in  the  water. 

The  general  agreement  of  my  rules  with  those  of  Thrupp  is  encouraging, 
'  but  cannot  be  taken  as  indicating  extreme  accuracy.  The  terms  "pebbles,' 
"iai^e  boulders,"  etc,  are  mere  figures  of  speech  in  such  cases.  Samples  of 
the  river  bottom  can  be  secured,  but  it  is  not  fair  to  infer  that  these  accurately 
represent  what  is  moved.  As  an  example,  I  mention  tb4t  boulders  are  moved  if 
V,  exceeds  5'oJ''-",  and  Thrupp  states  that  this  is  the  velocity  at  which  egg'sized 
pebbles  are  moved.  As  a  matter  of  fact,  I  am  aware  that  trouble  fnrni  the  point 
of  view  of  maintenance  begins  at  this  velocity  in  rivers  which  contain  boulders, 
while  Thrupp  has  evidently  investigated  what  produced  the  trouble.  Tbrupp's 
values  are  therefore  the  more  scientific,  while  mine  are  probably  the  more 
usefiil  in  practical  design.  As  a  matter  of  experience,  an  engineer  may  always 
suspect  that  any  larger  stones  which  are  markedly  rounder  than  the  smaller- 
sized  material,  are  not  moved.  The  more  angular  the  material,  the  more  likely 
it  is  to  be  moved. 

The  physical  meaning  of  these  equations  deserves  some  slight  consideration. 
We  have  the  usual  "  Chesy  "  equation,  as  follows  : 

v^C^  di,  aaA.v—atI',  where  a,  and  m,  depend  on  the  amount  of  silt  carried, 
and  its  mean  size- 
Thus,  we  get,  j=-   ~j^,  which  may  be  regarded  as  fixing  the  slope  at  which 
a  channel  of  given  depth  and  roughness  wilt  remain  in  quasi  equilibrium. 

As  an  example,  lake  the  case,  v=i'o$v'^  We  hove,  determining  C.  as  for 
Baiiii's  y=  1-54  class, 

Whenrf=i-o  C=  61-9  or  ^f=  ^  j=  5^,  approx. 
When  rf=4'o  C=  89-0  or  "J  1=  Vb  *=  rim  approx. 
Whenrf=9'o    C=;io3o    or  Vj=^    r=idm«  app™". 

and  if  the  slopes  exceed  these  values  in  any  given  case,  it  is  a  matter  of  common 
knowledge  that  the  channel  takes  up  more  silt  by  scouring,  and  thus,  where 
possible,  adjusts  itself  to  the  increased  slope,  and  also  if  able  to  "meander," 
increases  in  length,  and  so  diminishes  the  slope. 

A  very  wide-spread  idea  exists  among  engineers  that  a  canal  will  be  found 
to  be  free  from  troubles  arising  from  silt  or  scour  provided  that  it  is  so  pro- 
Lme  in  the  canal  as  in  the  river  from 
which  it  takes  ouL  The  above  investigations  may  be  regarded  as  an  indication 
that  this  rule  has  a  certain  foundation.  The  ratio  ■  ■  ■ -,  is  probably  some- 
what less  in  the  case  of  the  canal  than  in  the  river,  and  will  be  considerably  smaller 
if  the  headworks  are  properly  designed  and  are  intelligently  handled.    On  the 
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other  band,  the  velocity  will  probably  be  somewhat  decreased,  as  the  bed  slope 
of  ^e  canal  will  be  less  than  that  of  the  nver,  and  it  is  plain  that  if  we  can 
arrange  to  decrease  p,  (the  ratio  — — )  to  the  same  extent  as  the  depth  Is 
decreased,  we  may  ancceed  in  so  adjusting  the  canal  that  it  will  carry  its  own 
proportion  of  slL  We  may,  however,  overdo  the  matter,  and  (as  has  actually 
occurred  in  some  canals)  arrive  at  a  canal  which  will  scour  its  banks  owing  to 
the  fact  that  it  has  not  drawn  the  proportion  of  silt  from  the  river  correspondin  • 
to  its  depth  and  velocity. 

The  logical  method  is  to  estimate  the  average  silt  in  the  river,  and  to  see 
what  fraction  is  likely  to  be  drawn  into  the  canal,  and  then  experiment  on  the 
transport  of  the  silt  in  a  manner  similar  to  that  employed  by  Deacon  or 
Lechalas,  and  calculate  the  required  velocity  in  the  canal. 

The  estimation  of  the  percentage  of  silt  which  is  carried  by  the  river  is  best 
effected  by  observing  its  mean  velocity,  and  noting  the  quantity  which  is  carried 
in  the  experimental  trough  at  this  velocity,  and  allowing  for  the  difference  in 
the  depth  Of  the  trough  and  the  river  by  the  methods  which  have  already  been 
indicated. 

The  one  fact  which  stands  out  among  all  the  uncertainties  is  that  if  v,  is 
kept  constant,  d  must  increase  or  decrease  in  the  same  ratio  as  -,   increases  or 

The  preUminary  method  of  dealing  with  such  a  question  is  best  illustrated 
by  an  actual  example.  M.  Mougnid  ("Etudes  des  variations  du  lit  de  I'ls^re 
k  Montrigon,"  published  in  vol,  iii.  of  the  Reports  of  the  French  Service  ies 
£ttides  des  Grdndes  Forces  ffydrauliques)  gives  ii  detailed  gaugings  for  the 
Isire,  for  the  low-water  seasons  of  1905^,  1906-7,  and  1907-8,  with  the  cross- 
sections  of  the  river  for  each  low-water  season.  Eighteen  of  these  are  low- 
water  gaugings  of  the  seasons  1906-7,  and  1907-8.  From  the  cross-sections 
we  find  by  logarithmic  plotting  (see  Sketch  No.  22,  p.  94)  that  if  H,  represents 
the  gauge  reading  in  metres,  g,  the  hydraulic  mean  radius,  or  the  mean  depth 
in  metres  (the  two  quantities  only  differ  by  about  0'8  per  cent.),  and  v,  the  mean 
velocity  in  metres  per  second  : 

During  the  low-water  seasons  of  1907-8  : 

g=  H -t-o'34    and  v=  i-io2 g^-** 

During  the  low-water  seasons  of  1905-^ ; 

^=H-Ho'35    and  v=i'2ijf'-" 

Thus,  talcing  the  mean  value  for  the  Isfcre  at  this  station  during  low  water, 
we  find  that  the  equation  of  silt  transport  is  given  by  : 

During  the  low  water  of  1905-6,  tbe  river  probably  carried  about  i'o6  times 
as  much  silt  per  unit  volume  of  water  as  in  1907-8.  This  is  confirmed  by  the 
fact  that  the  mean  surface  slope  was  ooooS  in  1905-6,  and  o'ooo6  in  1907-8. 

The  high-water  gaugings  are  not  sufficiently  numerous  to  permit  a  study  to 
be  made,  but  the  logarithmic  plotting  shows  with  a  fair  degree  of  accuracy  that 
approximately  50  per  cent,  more  silt  was  carried  than  in  1905-6. 

The  method  is  liable  to  certain  difficulties. 
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Thus,  if  the  silt  transport  equation  is  : 

we  find  that  w=C*'rf. 

This  b  the  usual  equation  for  the  motion  of  water  which  does  not  carry  silt. 
In  practice,  however,  1  believe  that  this  will  rarely  cause  difficulty,  since  in 
the  28  cases  of  sitt-beating  rivers  which  I  have  studied,  in  which  the  relati<ai 
v=C'j3,  held  good,  the  fact  that  scour  occurred  was  always  quite  obvious. 

As  the  method  illustrated  here  is  original,  it  seems  advisable  to  state  that  I 
have  but  rarely  found  that  it  leads  to  results  which  conflict  with  actual  observa- 
tions of  the  quantity  of  silt  carried.  The  statement  is  of  course  a  relative  one, 
as  it  is  impossible  to  measure  the  absolute  quantity  of  silt  carried  by  a  stream 
with  any  degree  of  accuracy.  I  am  of  the  opinion  that  the  value  of  n,  in  the 
rdation  g=k7f;  largely  depends  upon  the  phase  of  the  transporting  motion. 
Where,  as  in  the  low-water  stages  of  the  Is^re,  the  river  carries  but  little 
suspended  coarse  silt,  we  may  expect  to  find  that«—rs  to  25.  and  the  transport 
is  of  the  character  termed  Phase  I  (see  p.  488).  Values  of  «,  ranging  from 
3'5  nptvards,  indicate  Phase  II.  In  Phase  III,  values  of  n,  as  great  as  6  have 
been  found  to  occur.  The  physical  meaning  is  obscure,  and  I  am  inclined  to 
suspect  that  the  necessary  inaccuracies  of  flood  gaugings  affect  the  residts. 
The  practical  applications  of  the  method  are  generally  confined  to  riven 
carrying  silt  in  the  modes  termed  Phases  I  and  II,  and  in  these  cases  a  very 
useful  insight  into  the  laws  of  silt  transport  in  a  river  or  canal  can  be  obtained. 

The  following  table  gives  the  values  of  Vj,  which  is  the  bottom  velocity  that 
just  produces  motion  in  the  substances  under  consideration.  The  values  are 
appraximMe,  but,  so  fai  as  the  information  goes,  they  may  be  considered  as 
minima  values  for  clear  water  ; 


M«ietk!. 

■    Velodty. 

Remarks. 

Fl  per  Second. 

Soft  earth  . 

0-35 

Fine  day   . 

0-25 

Soft  clay    . 

OS 

upon  tbe  adhesion  of  the 
clay  particles. 

Finest  sand 

0-50 

Such  sand  as  is  left  when  day 
is  eroded. 

Fine  sand  . 

070 

The  usual  fine  sand  of  rivers. 

Coarser  sand 

o-8o 

Gravel,  or  Coarse  sand 

i-o 

La^ly  depends  upon  the 
shape  of  the  grains.  Roimd 
gravel  of  say  0*05  inch  size 
is  rolled  along  a  smooth 
surface  at  0-30  foot  per 
second.  Pea  size  at  o-6o 
foot  per  second,  and  bean 

Pebbles,    i    inch    in 

size  at  I 'I  foot  per  second. 

diameter 

i-o 

.Google 
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MateruO. 

Velocity. 

Remarks. 

. 

Ft.  per  Se«aid. 

Pebbles,  egg  size 

3  to  3-3 

At  this  velocity  the  shape  of 
the  individtial  masses  ceases 
to  have  a  veiy  mafked  effect. 

Stones,    3    inches    in 

..     1 

diameter 

V° 

These    values    are    probably  | 
not  very  accurate,  and  it  is  , 
extremely  doubtful  whether  | 
the     velocities     given     ac-  , 
curateljf  represent  the  bottom  , 

Bouldera,  6  inches  to 

velocities. 

8  inches  in  diameter 

Boulders,  i  foot  to  i8 

lo'o 

1 

inches  in  diameter 

The  following  values  of  Vi,  were  obtained  by  current  mi 
the  Rhine  {Deutsche  Baustitung,  1883).  Being  obtained  in  a  deep  river,  tbey 
are  probably  more  reliable  under  such  circumstances  than  the  former  values, 
which  were  mostly  obtained  from  small  scale  experiments. 


VelodtjrinFMtperSwMod.             1 

IfUqdittiiibed.      1 

Gravel- 
Pea  size . 
Bean  size 

Hazel  to  walnut  size 
Pigeon  egg     . 
Weight,  J  lb.  . 
Weight,  s  lbs. 
0-6  foot  diameter    . 

1-46 
a-95 
348 

4-9' 
5-90 
656 

3-87 
4-30 
4-93 

The  above  figures  must  be  considered  merely  as  representing  ideal  cases. 
If  the  water  carries  silt,  scour  of  the  finer  materials  will  not  occur  until  the 
tabulated  velocities  have  been  exceeded  in  a  ratio  which  depends  upon  the 
quantity  of  silt  which  is  already  present  in  the  water.  A  river  which  carries  a 
large  quantity  of  sandy  silt  is  able  to  roll  along  gravel  and  boulders  at  smaller 
velocities  than  those  indicated  in  the  table.  The  action  appears  to  be  due  to 
the  fact  that  the  lower  layers  of  the  river  being  heavily  charged  with  silt,  in 
reality  form  a  lluid  which  has  a  density  greater  than  that  of  pure  water.  The 
extra  flotation  thus  obtained  renders  the  stones  more  easily  otoved.  Exact 
figures  cannot  be  given. 


Digitized  by  Google 


CHAPTER  X 
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PRAcncAL  Dbtails. 
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NG  Process! 
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SUMMARY  OF  PRESSURES  REQUIRED  IN  FILTRATION 

Any  summary  of  fortttukc  connected  with  filtration  is  impossible.  The 
figures  relating  to  the  head  or  difTereace  of  pressure  required  are  the  least  vari- 
able, and  since  they  are  important  in  preliminary  investigations  concerning  the 
site  of  the  fillers  or  the  horse  power  of  the  pumps,  they  are  very  roughly  tabu- 
lated below. 

Excluding  the  resistances  of  the  connecting  pipes  and  channels : 

{i)  A  sedimentation  basin  and  its  valves  consume  about  6  inches  head. 

(ii)  Each  gravel  filler,  such  as  Peuch's  d^groisseur  (p.  544),  requires  6  to  9 
inches  head.  Each  fall  for  aeration  between  the  filters  also  consumes  about  6 
inches.  A  prefilter,  such  as  that  used  at  Steellon  (p.  570),  or  Philadelphia, 
requires  about  2*5  feet  when  clogged. 

(iii)  Thorough  aeration  in  most  waters  can  be  secured  by  four  falls  of  6  inches 
each.  Tray  aerators  consume  about  6  feet.  No  definite  figures  can  be  given 
for  aeration  by  fountains,  but  it  will  usually  be  found  that  the  larger  the  indi- 
vidual jets  the  greater  is  the  head  requited.  The  figures  in  all  cases  depend 
considerably  on  the  quality  of  the  water. 

(iv)  Slow  sand  fillers  when  clogged  consume  from  2'S  to  4  feet  head.  The 
smaller  the  available  head,  the  more  frequently  cleaning  is  required. 

(v)  An  efficient  coagulation  basin  requires  a  head  of  6  inches  to  1  foot, 
although  3  inches  often  suffices. 

(vi)  jMechanical  filters  when  clogged  require  from  13  to  jj  feet  head,  the 
usual  limits  being  1 5  to  20  feet. 

Bacterial  Investigation  of  Water.— The  main  facts  as  to  the  bacterial 
origin  of  most  diseases  are  generally  known.  For  a  waterworks  manager,  the 
practical  result  is  that  certain  diseases  are  now  held  to  arise  from  minute  organ- 
isms conveyed  to  the  human  body  by  means  of  water.  Such  diseases  are 
generally  termed  "  water-borne,"— and  typhoid,  or  cholera,  may  be  taken  as 
typical  examples.  If  in  any  town  the  death-rate  from  such  diseases  rises  above 
the  normal,  the  water  supply  should  be  regarded  with  suspicion.     A  numerical 
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statement  of  the  normal  death-raie  is  quite  impossible.  Large  groups  of 
American  cities  are  satisfied  with  a  typhoid  death-rate  which,  in  Germany,  or 
Great  ISritain,  would  probably  lead  to  legal  proceedings  being  taken  against  the 
waterworks'  authority.  My  personal  experience  both  of  typhoid  and  cholera, 
leads  me  to  consider  that  the  water  is  sometimes  unreasonably  condemned. 
But  such  isolated  cases  form  no  ground  for  the  assumption  that  unRltered,  or 
badly  filtered  water,  is  healthy  ;  and  a  waterworks'  manager  must  be  content  to 
do  his  best.  He  is  only  justified  in  asking  for  investigations  on  other  lines 
when  he  has  proved  that  the  water  supply  is  above  suspicion.  I  may,  however. 
Slate  that  there  is  sufficient  evidence,  (e.t^.  at  Melbourne  and  Buenos  Aires)  to 
show  that  a  perfectly  satisfactory  water  supply  may  be  accompanied  by  a  high 
death-rate  from  typhoid,  if  the  drainage  is  bad.  The  probable  explanation  is  to 
be  found  in  the  sequence  ;— open  closets,  flies,  and  food. 

The  present  methods  of  proving  that  a  water  supply  is  satisfactory  (other 
than  the  large  scale  proof  of  a  death-rate  from  water-borne  diseases  well  below 
the  normal)  are  bacteriological. 

In  principle  all  bacteriological  tests  consist  in  placing  the  bacteria  contained 
in  a  given  volume  of  water  in  a  situation  which  is  favourable  to  the  development 
of  some  or  all  of  the  various  species.  Consequently,  each  individual  of  these 
species  generates  a  group  of  bacteria,  and  after  an  appropriate  interval  of  lime 
has  elapsed  these  groups  or  "  colonies  "  can  be  counted,  and  the  various  species 
identified.  The  details  of  such  bacteriological  methods  do  not  concern 
engineers  ;  but  it  sl:iouId  be  realised  that  the  methods  of  favouring  the  growth 
of  the  bacteria  can  be  indefinitely  varied,  and  in  this  way  a  single  species,  or  a 
restricted  class,  of  bacteria  can  be  separated  out  from  the  others. 

Thus,  the  reports  may  state  the  number  of  bacteria  which  are  found  by 
Koch's  method,  or  by  other  more  specialised  tests.  Koch's  method  favours 
the  growth  of  bacteria  which  produce  the  typical  water-borne  diseases,  but 
some  of  the  resulting  colonies  are  also  derived  from  other  allied  species  which 
are  probably  harmless.  The  special  methods  can,  however,  be  so  adjusted  as 
to  select  definite  species  of  bacteria  for  counting  purposes.  For  example, 
B.  colt  and  other  sewage  bacteria,  or  special  disease-producing  bacteria  (such  as 
li.  typhosus),  may  be  separated  from  other  species. 

Some  European  waterworks  are  managed  by  skilled  bacteriologists,  but  the 
usual  practice  (as  also  in  Great  Britain  and  America)  is  for  a  bacteriologist  to 
be  retained  to  examine  the  water,  and  report  to  the  responsible  engineer  or 
superintendent. 

Many  filtration  works  are  still  managed  with  success  by  rule  of  thumb,  and 
without  any  bacterial  investigations  whatsoever,  but  there  is  little  doubt 
that  daily  examinations  of  the  effluent  from  each  individual  filter  should  be 
carried  out  wherever  the  raw  water  is  badly  polluted.  This  is  an  ideal  con- 
dition, and  a  daily  examination  of  the  mixed  efifluent,  supplemented  by  special 
investigations  whenever  any  irregularity  in  the  working  of  the  filters  occurs,  is 
usually  considered  sufficient. 

My  own  experience  leads  me  to  believe  that  money  could  be  saved  by  more 
systematic  examinations. 

The  standard  at  present  generally  adopted  is  that  laid  down  by  Koch,  who 
stated  that  filtered  water  should  not  contain  more  than  roo  bacteria  per  cubic 
centimetre,  as  ascertained  by  counting  the  colonies  after  four  days  incubation  on 
nutrient  jelly,  at  20  degrees  C.    Thus,  the  test  really  proves  that  one  cutuc 
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Centimetre  of  filtered  water  contains  less  than  loo  individuals  capable  of  propa- 
gating themselves  under  the  special  conditions  laid  down  by  Koch,  It  may 
therefore  be  inferred,  and  lias  aclually  been  proved,  that  many  other  bacteria 
which  are  incapable  of  reproducing  themselves  under  the  above  conditions  may, 
in  reality,  exist  in  the  sampled  water.  The  conditions  to  which  the  simple  is 
subjected  in  Koch's  lest  are  those  which,  in  his  opinion,  are  best  suited  to  the 
propagation  of  the  species  of  bacteria  producing  typhoid  and  cholera,  and,  as  a 
matter  of  fact,  many  other  closely  related  and  probably  harmless  species  also 
flourish  under  these  circumstances. 

The  standard  being  a  local  one  {i.e.  suitable  for  German  conditions),  is  ob- 
viously open  to  objeclion,  and  might  be  considered  as  illogical  as  a  description 
of  venomous  snakes  referring  to  European  species  only.  As  a  matter  of  fact, 
however,  the  standard  always  secures  a  water  which  is  satisfactory  when  judged 
by  the  death-rate  test.  Under  certain  conditions  (principally  American)  it  may 
possibly  be  too  stringent.  Likewise,  it  .may  eventually  be  discovered  that  for 
waters  drawn  from  rivers  flowing  through  thickly  populated  Asiatic  countries,  it 
is  not  sufficiently  severe.  These  statements  are,  however,  founded  on  very 
scanty  and  unreliable  information,  and  it  will  probably  be  many  years  before 
the  standard  is  superseded.  The  information  required  for  this  purpose  is 
neither  bacterial,  nor  engineering,  but  rather  statistics  of  the  public  health  of 
well  sanitated  tropical  cities,  with  a  water  supply  passing  Koch's  tests. 

Certain  differences  in  detail  exist  in  the  application  of  the  test  For 
example,  in  France  a  period  of  7  to  1;  days'  incubation  is  usual.  This  is 
apparently  a  higher  standard  of  purity,  but  comparative  figures  cannot  be 
given,  although  in  one  case  it  appeared  that  a  water  which  produced  120 
bacteria  per  c.c.  under  the  French  test,  yielded  only  55  bacteria  per  cc. 
under  the  test  as  carried  out  in  strict  accordance  with  Koch's  methods. 

The  usual  way  of  specifying  the  test  is  as  follows : 

"The  number  of  bacteria  per  c.c.  in  the  filtered  water  shall  not  exceed 
loo  under  Koch's  test,  the  sample  being  kept  in  an  artificially  cooled  receptacle 
(t.e.  packed  in  ice)  during  transit.  If  the  bacteria  in  the  raw  water  exceed  3300, 
as  tested  by  Koch's  method,  the  filtered  water  count  may  exceed  100,  (but  the 
percentage  of  reduction  must  not  then  be  less  than  97)." 

This  last  clause  is  illogical,  since  the  fact  that  the  raw  water  is  highly 
polluted,  is,  per  sc,  an  indication  that  the  3  per  cent,  of  the  bacteria  that  do 
escape  are  rather  more  likely  to  be  pathogenic  than  if  the  raw  water  were  less 
polluted.  It  has  the  practical  justification  that  slow  sand  filters  alone  (how- 
ever carefully  worked)  are  unlikely  10  produce  better  results  unless  the 
supervisor  is  unusually  capable.  Nevertheless,  I  consider  that  the  clause 
should  be  omitted,  even  if  in  practice  it  turns  out.  that  the  latitude  must  be 
allowed,  since  the  supervisor  should  not  be  encouraged  to  remit  his  efforts  to 
obtain  a  satisfactory  fillralr  on  the  very  occasion  when  danger  is  most  prob- 
able, and  treatment  supplementing  sand  filtration  is  most  ret|uired. 

The  bacteriologist  should,  of  course,  give  his  own  instructions  for  the 
collection  of  water  for  test,  or,  better  still,  take  his  own  samples.  Where  no 
instructions  are  given,  the  glass  bottles  and  stoppers  should  first  be  cleaned 
with  strong  sulphuric  acid,  then  in  freshly  boiled  distilled  water,  and  should 
afterwards  be  steamed  for  15  minutes,  cooled  in  a  steriliser,  and  finally 
stoppered,  and  wrapped  in  cotton  wool,  the  water  being  poured  into  them 
without  being  touched,  from  a  similarly  treated  tap  or  vessel. 
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Tlie  bottles  should  then  be  packed  in  ice,  which  should  be  renewed  until 
they  reach  the  laboratory. 

The  chemical  methods  of  testing  water  are  discussed  later.  At  present  it  ts 
sufficient  to  state  that  they  can  only  be  regarded  as  preliminary  to  bacterial 
teats.  It  is  occasionally  {e.g.  in  isolated  localities)  necessary  to  rely  on  their 
indications  alone.  Nevertheless,  it  cannot  be  too  strongly  stated  that  if  the 
chemical  indications  are  at  ail  doubtful,  bacterial  tests  must  be  applied. 

As  already  indicated,  many  species  of  bacteria  exist  in  water  (even  the 
purest  natural  waters  contain  some  bacteria),  and  so  far  as  our  preseot  know- 
ledge goes,  the  majority  of  these  species  are  harmless  when  consumed  by 
human  beings,  some  indeed  actually  being  beneficial.  Even  if  the  above 
remarks  are  restricted  to  those  species  of  bacteria  which  flourish  under  Koch's 
test,  it  is  probable  that  the  majority  are  quite  harmless.  Thus,  logically  speak- 
ing, no  numerical  standard  of  bacterial  purity  can  be  applied  to  all  localities. 
A  proper  specification  would  take  into  account  the  probable  proportion  of 
disease- producing  and  harmless  bacteria  which  exist  In  the  raw  water.  Con- 
sidering the  subject  from  this  point  of  view,  it  is  evident  that  a  numerical 
standard  which  secures  safety  when  applied  after  filtration  to  a  water  drawn 
from  a  river  which  is  known  to  be  heavily  polluted  by  sewage,  may  be  far  too 
stringent  when  applied  to  a  case  where  the  raw  water  is  drawn  from  a  source 
not  exposed  to  sewage  pollution. 

Also,  the  possibilities  of  an  increase  of  the  harmful  bacteria  after  filtration 
should  be  considered,  since  an  increase  may  occur  on  a  large  scale  in  the  filtered 
water,  if  the  conditions  in  the  mains  and  reservoirs  favour  the  propagation  of 
these  bacteria. 

Thus,  not  only  should  the  water  be  tested  immediately  after  filtration,  but 
tests  should  also  be  made  of  samples  drawn  from  the  supply  mains,  so  as  to 
ascertain  the  bacterial  condition  of  the  water  at  the  moment  when  it  is  actually 
used  by  the  consumers. 

The  results  of  many  tests  (which  are  apparently  confirmed  by  the  circum- 
stances attending  several  epidemics  of  water-borne  disease)  indicate  that  the 
disease- producing  species  have  a  far  greater  chance  of  increasing  in  water  to 
which  they  gain  access,  if  but  a  small  number  of  bacteria  are  originally  found  in 
this  water.  The  reason  seems  fairly  obvious  :  IJisease-producing  bacteria  are 
not,  apparently,  those  which  are  best  suited  to  exist  in  water  (their  most 
favourable  environment  being  the  human  body).  When,  therefore,  they  find 
themselves  exposed  to  the  competition  of  a  large  number  of  other  species  of 
which  the  normal  home  is  water,  the  disease  producers  are  unable  to  survive  the 
competition  of  the  better  adapted  species. 

This  competition  is  less  severe  in  comparatively  pure  water,  and  disease  pro- 
ducing species  arc  able  to  multiply.  It  is  evident,  therefore,  that  an  engineer 
must  carefully  consider  the  possibilities  of  pollution  after  purification,  and 
should  consider  after-pollution  as  a  very  serious  mailer,  for  bacturia  are  then 
not  only  provided  M'ith  a  clear  path  of  access  to  the  human  body,  but  the 
purified  walcr  affords  them  a  favourable  incubating  ground. 

The  special  risks  attending  concentrated  pollution  must  be  pointed  out. 
The  matter  is  somewhat  difficult  to  define,  as  the  precise  conditions  are 
unknown  ;  but  it  can  be  best  illustrated  by  the  statement  tliat  if  a  "pound"  of 
pollution  must  enter  the  water  either  before  or  after  filtration,  it  is  better,  from 
the  point  of  view  of  health,  to  receive  the  "pound"  in  7000  separate  "grains" 
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rather  thim  in  one  mass,  even  though  the  water  received  from  the  individual 
sources  is  a/tervraids  thoroughly  mixed,  and  the  "grains"  finally  reach  the 
consumers  simultaneously. 

If  this  principle  is  once  grasped  the  extreme  danger  of  concentrated  pollution, 
which  is  also  local,  needs  no  discussion.  One  typhoid  patient  whose  dejecta  go 
straight  to  the  intake  of  a  water  supply  system  is  more  dangerous  than  100 
cases  whose  dq'ecta  reach  the  river  from  which  the  intake  derives  the  water 
at  various,  isolated  p<nnts.  If  a  waterworks'  manager  knowingly  permits  a 
person  suffering  from  "summer  diarrhcea"  to  remain  on  or  about  the  works, 
even  although  in  the  neighbourhood  of  the  raw  water  channels  only,  he  should 
not  be  allowed  to  retain  his  position  as  manner. 

Apparent  Failures  of  Filtration  Processes.— I'd  certain  cities, 
cases  have  occurred  where  the  introduction  of  a  purified  water  supply  has 
not  been  followed  by  a  decrease  in  the  number  of  cases  of,  or  deaths  from, 
those  diseases  which  are  classed  as  water-borne.  The  example  which  has 
received  most  investigation  is  at  Washington,  where  the  circumstances  were 
as  follows. 

From  1883  to  1903  the  typhoid  death-rate  ranged  from  40  to  I04t  and  was 
usually  between  65  and  80  per  100,000. 

In  October  1905  slow  sand  fillers  of  a  very  exceUent  type  were  introduced, 
but  the  death-rate  from  typhoid  month  by  month  during  1906  was  approximately 
the  same  as  in  1905,  and  the  total  number  of  cases  (fetal  and  non-fatal)  was 
greater. 

The  public  at  once  in&rred  that  the  slow  sand  fillers  were  useless,  and  there 
is  no  doubt  that  the  ^ures  are  extremely  disheartening  to  those  who  are  con- 
vinced that  a  polluted  water  supply  is  always  a  public  misfortune. 

The  exact  figures  are  as  follows  :  The  deaths  from  typhoid  for  1906  were 
44  per  loo^ooo,  and  this  was  the  average  of  the  years  1903  to  1905.  A  figure  of 
20  to  ^l  deaths  per  100,000  from  typhoid  in  towns  situated  under  circumstances 
like  those  found  at  Washington  may  be  considered  to  indicate  a  satisfactory 
water  supply. 

Thus,  a  rate  of  19  to  20  deaths  per  100,000  needs  explanation.  A  study  of 
the  yearly  death-rates  of  the  period  1B83  to  1906  given  in  Triuis.  Am.  Sec.  of 
Civil  Eng.,  vol.  57,  p.  430,  provides  a  partial  explanation. 

In  the  first  place,  the  typhoid  death-rate  oscillates  up  and  down  in  very 
much  the  same  manner  as  the  annual  rain-fall  of  any  locality  does  (it  must  not 
be  inferred  that  any  connection  is  intended,  the  oscillating  character  of  both 
figures  is  alone  referred  to).  Judging  by  the  run  of  the  curves,  the  typhoid 
death-rate  was  low  from  1903  to  1905,  and  therefore  a  rise  might  hsve  been 
expected  about  1906.  Thus,  it  is  possible  that  the  filters  did  actually  produce  a 
real,  although  not  an  apparent,  decrease  [in  the  death-rate.  This  argument  is 
somewhat  flimsy  when  relied  upon  to  justify  an  expenditure  of  many  millions 
of  dollars.  It  is  therefore  fortunate  that  the  curves  show  very  dearly  that 
after  1895  the  sedimentation  in  the  Dalecarlia  reservoir  produced  a  marked 
decrease  in  typhoid,  and  that  a  second,  although  a  less  pronounced,  decrease  is 
indicated  after  190a  or  1903,  when  another  sedimenWtion  basin  (the  Washingron 
reservoir)  was  brought  into  use.  It  may  consequently  be  inferred  that  the 
Washington  figures,  as  they  stand,  show  fairly  clearly  that  an  amelioration  of 
the  water  supply  does  produce  a  decrease  in  the  typhoid  rates,  even  although 
the  effect  of  slow  sand  filters  is  not  evident.    If,  however,  slow  sand  filters 
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alone  are  considered,  the  resulis  must  be  regarded  as  justifying  adverae 
criticism,  and  it  is  highly  regrettable  that  such  hostile  testimony  should  arise 
from  the  results  of  filtration  when  introduced  into  so  important  a  ciiy.  It 
is  the  more  lamentable  in  that,  at  the  present  date,  filtration  (as  cmnpared  with 
European  practice)  is  just  being  adopted  in  American  cities.  I  do  not,  however, 
believe  that  the  many  skilful  American  experts  in  filtration  will  allow  this  case 
to  remain  either  unexplained,  or  without  remedy.  The  circumstances  arc  some- 
what obscure,  and  pollution  of  the  milk  or  fruit  supplies  has  been  suggested 
as  being  the  true  source  of  the  disease. 
1  suggest  three  possibilities  : 

(a)  As  already  explained,  the  character  of  the  raw  water  may  be  such  as  to 
require  a  more  stringent  standard  of  bacterial  purity  in  this  particular  case 
than  has  been  found  necessary  elsewhere. 

ip)  The  daily  consumption  of  water  per  head  in  Washington  is  aoo  U.S. 
gallons,  a  figure  which  {for  a  residential  city  with  comparatively  few  factories) 
suggests  a  large  amount  of  waste,  and  the  possibility  of  leaky  mains,  so  that 
afler-fwllution  cannot  be  considered  as  impossible. 

(f)  The  raw  water  at  Washington  is  drawn  from  a  river  which  at  certain 
periods  of  the  year  carries  large  quantities  of  e.ttremely  fine  clay.  Waters  of 
this  typo  are  known  to  be  less  easily  purified  by  sand  filters  than  the  clearer 
waters  which  are  found  in  Europe.  As  a  general  rule,  svch  waters  have  been 
treated  by  coagulation  processes,  or  have  been  passed  through  d^roisseura 
previous  lo  slow  sand  filtration.  The  typical  method  of  purification  is- coagu- 
lation followed  by  mechanical  filtration.  Now,  there  ii  no  evidetKe  which 
permits  us  to  state  that  the  European  method  of  slow  sand  filtration  alone,  as 
practised  at  Washington,  is  necessarily  effective  in  removing  pathogenic 
bacteria  from  waters  of  this  type.  Although  the  Washington  methods  were  in 
accordance  with  the  very  best  practice,  ii  is  quite  possible  that  the  official  order 
prohibiting  any  addition  of  coagulant  was  an  error  of  judgment.  This  sug- 
gestion deserves  careful  consideration,  especially  by  British  engineers,  who  are 
notoriously  loo  prone  to  rely  on  slow  sand  filters  exclusively. 

1  put  the  suggestions  forward  with  some  diflidence,  but  would  remark  thai 
although  they  may  be  conclusively  proved  to  be  inapplicable  to  the  case  of 
Washington,  they  are  certainly  factors  that  uo  investigator  could  atTbrd  to 
overlook. 

It  must  be  remembered  that  while  every  case  of  apparent  failure  is  reported 
and  discussed,  the  usual  result  of  the  introduction  of  a  purified  water  supply 
is  a  marked  decrease  in  water-borne  disease,  and  such  successes  being  normal, 
they  are  rarely,  if  ever,  matters  of  more  than  local  interest. 

In  this  connection  it  is  as  well  to  state  that  the  introduction  of  a  copious 
supply  of  water  into  a  city  in  exchange  for  a  scanty  one  maybe  expected  to 
produce  an  unfavourable  effect  on  public  health,  unless  a  sewerage  system  is 
simultaneously  (or  has  been  previously)  introduced.  The  reason  is  fairly 
obvious  :— Such  cases  generally  occur  in  dry  climates,  and  so  long  as  water  is 
economically  used,  the  subsoil  is  not  water-logged,  and  garbage  and  refuse  are 
dried  up  by  the  air  before  they  become  markedly  decomposed.  On  the  intro- 
duction of  a  copious  water  supply,  however,  the  waste  liquid  saturates  the  subsoil, 
and  garbage  is  less  rapidly  dried  up. 

The  real  lesson  is  therefore  to  introduce  a  sewerage  system  and  a  water  supply 
simultaneously,  and  never  to  consider  waste  of  water  as  unimportanL    Typical 
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examples  illnsttallDg  the  above  are  Buenos  Aires,  and  Melbourne,  and  in  the 
Utter  case  proper  seners  have  produced  a  satUfMtory  state  of  affairs. 

To  sum  up:— The  methods  of  bacteriological  testing  at  present  practically 
employed  are  (as  a  rule)  eKcellent  guides,  but  they  are  by  no  means  infallible. 
Thus,  if  the  real  tests  of  a  process  of  purification  (/.«.  the  health  sOitistics  of  the 
commtmity)  give  an  adverse  resa9t,  fm  engineer  is  justified  in  requiring  the 
baclenological  experts  to  adopt  more  searching  tests  than  the  routine  "bacterial 
counts"  ;  and  until  these  have  been  systematically  applied  in  many  cases,  our 
present  knowledge  does  not  permit  us  to  condemn  either  the  routme  methods  of 
filttation,  or  the  customary  "bacterial  counts,"  as  useless. 

I  need  hardly  say  that  in  cases  where  success  is  not  attained,  the  filtration 
process  must  be  carefully  overhauled,  but  under  Uje  social  conditions  usually 
obtaining,  engineers  are  somewhat  too  prone  to  accept  routine  bacteriolt^cal 
work  as  sufficient  in  all  cases. 

BACTKRioLocrcAL  RRPOKTS.—Th,^  engineer  should  insist  on  the  actual 
counts  being  reixiried  in  every  case.  I  have  noticed  th^  especially  witen  re- 
porting the  results  of  tests  on  proprietary  systems  of  pufiScation,  there  is  a 
custom  (happity  a  decreasing  one)  of  recording  figures  other  than  the  actual 
number  of  bacteria  per  cubic  centimetre, 

A  figure  commonly  reported  is  the  "  percentage  of  removal  of  bacteria,"  i>. 
fj  _  Number  of  bacteria  per  cc  of  puri6ed  water-i 
\        Number  of  bacteria  per  cc.  of  the  raw  water/ 

This  is  quite  useless  as  an  index  of  the  safety  of  the  water,  since  the  figure 
is  almost  independent  of  the  number  of  bacteria  in  the  raw  water,  because 
any  ^v ell-arranged  sysitetn  will  usually  effect  a  reduction  of  99  per  cent.,  and  it 
is  very  rarely  that  the  figure  falls  below  gj  per  cent. 

This  method  may  be  useful  ,in  comparing  the  relative  efBciencies  of  two 
different  systems  of  purification,  but  the  fairest  way  of  holding  such  com- 
parative tests  is  10  supply  the  same  raw  water  to  each  system.  Consetjuently, 
all  that  can  be  said  is  that  the  figure  is  not  necessarily  misleading. 

The  custom  of  reporting  not  the  results  of  each  test,  but  the  average  result 
(rf  all  the  tests  during  a  month,  falls  under  quite  a  different  head.  In  my  own 
practice  I  look  upon  such  reports  as  valuable  only  .is  an  index  of  the  ^^riability 
of  the  process,  and  believe  that  in  most  eases  the  detailed  figures  are  intention- 
ally concealed.  There  is  very  Utile  doubt  that  an  individual  who  constantly 
consumes  polluted  water  (should  he  survive)  acquires  a  certain  immunity,  and 
finally  can  drink  water  that  would  in  many  cases  cause  a  serious  illness  in  any 
one  less  accustomed  to  pollution  of  this  character. 

\p  is  therefore  evident  that  a  supply  which,  for  say  30  days  in  the  month, 
attains  the  requisite  standard  of  purity,  but,  on  the  31st  day  (owing  to  careless- 
ness or  irregularity  in  the  process  of  purification),  delivers  a  badly  polluted 
water,  is  in  some  respects  more  dangerous  to  health  than  a  system  of  supply 
that  always  delivers  a  slightly  polluted  water. 

Consequently,  it  is  only  fair  to  assume  that  where  the  results  of  bacterial 
tests  are  uniformly  satisfactory,  they  are  published  in  detail,  and  when  the 
literature  States  average  results  only,  the  process  is  in  reality  markedly  irregular 
in  its  working,  and  is  therefore  unsuitable  for  adoption.  These  remarks  cannot 
td  course  be  applied  to  reports  in  which  averages  are  stated,  and  likewise  the 
maxima  counts  obtained  in  each  period  over  which  the  averages  ore  taken. 
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Special  Bacterial  iNyESTlGATiONS. — Routine  "Standard  Bacterial 
Counts,"  such  as  the  Koch  test,  should  not  be  considered  as  indicating  the 
total  number  of  bacteria  present  in  the  water  under  examination.  The  method 
is  avowedly  such  as  to  favour  the  propagation  of  the  bacterial  species  which 
exist  in  sewage.  If  special  processes  are  employed,  it  is  possible  to  obtain 
counts  of  bacteria  far  exceeding  those  yielded  by  the  usual  methods,  but  the 
extra  number  thus  secured  consists  of  species  that  do  not  in  any  way  indicate 
pollution.  The  results  of  such  counts  therefore  possess  no  interest  for  the 
waterworks'  engineer. 

On  the  Other  hand,  it  is  also  possible  to  arrange  a  count  of  the  individuals 
of  a  single  species,  and  such  investigations  are  worth  considenttion.  In  oui 
present  state  of  knowledge,  the  most  important  of  these  special  species  counts 
is  the  one  referring  to  the  Bacillna  coli.  B.  coli  occurs  in  human  intestines  and 
fiecs,  and  also,  it  is  believed,  in  similar  situations  in  several  animals.  Whilst, 
therefore,  its  presence  does  not  necessarily  indicate  pollution  by  human  beings, 
its  habits  and  occurrences  are  such  that  we  may  assume  that  a  process  of 
purification  which  removes  B.  coli  will  also  eliminate  the  bacilli  producing 
typhoid,  and  probably  those  giving  rise  to  other  water-borne  diseases  as  well. 

The  occurrence  of  B.  celt  is  therefore  a  very  valuable  index  of  the  efficacy  of 
a  process  of  purification,  and  of  the  safety  of  the  filtrate. 

An  excellent  illustration  of  its  efficiency  as  an  indicator  is  found  in  a  case 
occurring  at  Lawrence,  Mass.  {Clark  and  Gage,  Sigttificance  of  AppearoMU  of 
B.  coli  communis  in  Filtered  Water).  Mere,  owing  to  repairs  to  the  under- 
drains  of  a  filter,  a  leak  or  a  weak  spot  in  the  sand  was  produced,  in 
November  1898. 

In  December  1898  B.  coli  was  found  in  72  per  cent,  of  the  samites 

examined  and  i3  cases  of  typhoid  occurred. 
In  January  1899  the  figures  were  54  per  cent,  and  ;9  cases. 
In  February  „    the  figures  were  62  per  cent,  and  12  cases. 
In  March        „    the  figures  were  S  per  cent,  and  9  cases,  alt  in  the  early 
part  of  the  month. 
The  exam|de  is  very  instructive,  and  the  figures  make  the  following  cm- 
elusions  fairly  clear : 

{a)  That  the  disease  lags  behind  (he  appearance  of  U,  coli. 
iji..      ifi)  That  B.  coliii  not  in  itself  a  disease  producer,  but  some  accompany- 
ing factor  which  is  only  roughly  proportionate  to  the  abundance  of 
B.  coli. 

and  this  is  exactly  what  bacterial  investigators  would  have  us  believe. 

B.  coli  is  an  easily  recognised  indicator  of  the  possible  presence  of  disease- 
producing  organisms  which  are  far  less  readily  discovered,  and  it  is  from  this 
pmnt  of  view  that  counts  of  B.  coli  are  valuable.  Taking  i  c.c.  of  water  for 
investigation,  it  would  appear  that  where  B.  coli  are  found  in  more  than  the 
nonnat  numerical  proportion  of  these  counts,  danger  exists.  The  dango'  line, 
however,  cannot  be  rigidly  6xed,  since  it  depends  on  the  results  found  during 
the  normal  working  of  the  filter,  and  varies  with  each  town.  At  Lawrence, 
Mass.,  8  per  cent,  was  normal,  and  was  considered  satisfactory.  In  a  town 
supplied  with  very  pure  water,  a  far  smaller  percentile  m^ht  indicate  « 
dangerous  state  of  affairs. 
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It  has  been  proposed  to  consider  such  organisms  as  Klein's  S.  eitttriditis, 
or  certaJD  streptococci,  as  indicators  of  danger.  These,  unlike  B.  colt,  have 
never  been  discovered  except  in  sewage,  or  sewage -polluted  water.  The 
proposal  is  at  present  of  more  or  less  doubtful  utility,  except  for  British  waters. 
So  far  as  can  be  inferred  the  difficulty  liei  in  the  fact  that  these  organisms  are 
not  present  in  all  sewages,  although  they  appear  to  be  characteristic  of  British 
sewages.  It  is  plain  that  a  standard  which  is  so  local  in  its  application, 
requires  further  investigation.  It  must  also  be  remembered  that  indicators 
which  only  apply  locally  are  likely  to  prove  more  useful  for  those  particular 
localities,  than  any  general  indicator  such  as  B.  coli. 

The  British  semi-official  standards  are ; 

For  deep  welh.—tiiy  B.  coli  should  be  found  in  10  c.c.  of  water. 

For  moorland  and  upland  waters. — No  B.  call  should  be  found  in  1  c.c.  of 

For  shallow  wells.~No  reliable  indication  can  be  drawn  from  the  presence 
of  B.  coli. 

It  will  consequently  be  evident  that  the  standard  is  not  an  absolutely 
numerical  one,  but  rather  one  of  variations  from  the  normal  number. 

The  nett  resuU  of  the  discussion  is  summed  up  by  Thresh  iThe  Exami- 
nation of  Waters  and  WnUr  Supplies),  and  in  explanation  it  must  be  stated 
that  he  worked  with  sewage  obtained  from  a  town  possessing  a  small  supply  of 
water  (1  believe  15  gallons  per  head  per  day),  and  but  little  trade  waste.  His 
sewage,  therefore,  is  comparatively  concentrated,  and  free  from  other  than  ficcal 

I.  In  a  water  recently  polluied  by  sewage,  in  a  proportion  of  more  than  one 
part  per  million,  both  typical  B.  coli  and  Klein's  B.  enteridilis  can  be  detected. 

II.  In  a  water  not  recently  polluted  by  sewage,  or  manurial  matter,  the  above 
bacilli  may  be  absent,  but  intestinal  bacteria  occur,  i.e.  other  forms,  some  of 
which  are  very  closely  allied  to  ihc  typical  B.  coli,  and  only  distinguishable  by 

III.  Unless  some  of  those  forms  closely  resembling  B.  coll  occur,  the 
presence  of  other  "  intestinal  bacteria  "  has  no  significance. 

Now,  in  ordinary  tests  for  B,  coli,  I  and  II  would  be  classed  together ; 
but  t  is  certainly  dangetous,  while  II  is  possibly  safe. 

It  may  therefore  be  inferred  that  towns  with  a  satisfactory  death-rate  (as 
regards  water-borne  diseases),  where  B.  coli  is  found  in  a  fairly  large  percentage 
of  the  samples  of  Altered  water,  are  really  supplied  with  safe  waters,  resembling 
Class  11,  or  are  possibly  less  polluted  with  sewage  than  one  part  in  a  million. 
But  it  will  be  clear  that  a  sudden  increase  in  the  number  of  B,  coli  contained 
in  samples  may  indicate  a  change  to  the  dangerous  portion  of  Class  II,  or  even 
to  Class  I,  owing  to  the  pollution  becoming  more  intense,  or  being  more 
rapidly  transmitted  to  the  town,  e.g.  by  floods,  or  a  breach  in  some  stratum 
which  had  previously  delayed  the  progress  of  the  polluted  water. 

Chemical  Examination  of  Water.— In  all  calculations  connected  with 
the  chemical  reactions  of  water  it  is  convenient  to  note  that  : 

1  part  per  ioo,ooo=4'37S  =  4S  grains  weight  per  cubic  foot. 
■=07  grain  per  Imperial  gallon. 
"058  grain  per  U.S.  gallon. 
Also,  1  pound  =  7oOO  grs.  ;   '.^ 
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A  chemical  analysis  of  water  is  undertaken  with  two  objects.  The  more 
important  is  to  ascertain  its  suitability  for  human  consumption  from  the  poiol 
of  view  of  health.  Such  an  investigation  is  really  only  a  substitute  for  a 
bacteriological  test,  and  can  hardly  be  regarded  as  sufhcient  if  the  results  are 
at  all  doubtful.  Secondly,  as  a  rule,  it  is  also  desired  to  ascertain  whether  the 
water,  besides  being  free  from  organic  pollution,  is  otherwise  satisfactory.  In 
these  latter  cases  It  is  necessary  to  determine  the  content  of  mineral  substances, 
not  only  such  as  arsenic,  lead,  or  zinc,  which  are  obviously  undesirable,  but 
also  of  such  salts  as  calcium  and  magnesium  or  iron  carbonates,  which  may 
cause  the  water  to  be  unsatisfactory  (as  being  too  hard,  or  likely  to  produce 
deposits  in  the  pipes,  etc.).  The  methods  of  removing,  or  ameliorating  these 
conditions,  where  necessary,  are  dealt  with  under  Softening  and  Deferrisation. 

It  is  not  proposed  to  describe  the  methods  employed  in  the  chemical 
analysis  of  water.  ,  An  engineer  should  be  able  to  interpret  a  chemical 
analysis,  and  to  draw  inferences  from  the  data  it  affords ;  and  the  following 
notes  are  directed  to*  that  end  alone,  and  are  principally  concerned  with  the 
hygienic  qualities  of  the  water. 

If  a  study  be  made  of  all  the  available  evidence  relating  to  the  connection 
between  the  contents  of  a  water  as  disclosed  by  chemical  analysis,  and  its 
fitness  for  human  consumption,  it  will  at  first  sight  appear  that  no  dose 
relationship  exists.  This,  in  reality,  is  merely  an  instance  of  the  tendency  of 
human  nature  to  give  undue  weight  to  exceptional  instances. 

Deductions  drawn  from  the  quantity  of  any  single  substance  present  in  a 
water  are  liable  to  prove  quite  erroneous.  In  practice,  however,  the  indications 
are  not  usually  isolated  facts,  and  the  inference  drawn  from,  say,  the  presence 
of  chlorides  in  a  water  is  usually  confirmed  either  by  other  chemical  indications, 
or  by  the  results  of  an  examination  of  the  origin  of  the  water  and  Its  exposure 
to  possible  sources  of  contamination.  Thus,  the  chemical  analysis  of  a  water, 
combined  with  information  obtained  from  an  examination  of  its  source,  almost 
invariably  enables  a  definite  statement  to  be  made  as  to  the  fitness  of  the  water 
for  human  consumption. 

The  processes  generally  employed  by  chemists  when  preparing  a  report  on 
water  which  is  intended  for  human  consumption  are  as  follows  : 

(i)  Determination  of  the  free  ammonia. 
(ii)  „  „     albtrniinoid  ammonia, 

(iii)  „  „     chlorine, 

(iv)  „  „      total  solids. 

Nitrites  are  tested  for  qualitatively,  and  if  present 
(which    is    very  rarely  the  case)  are  estimated 
quantitatively. 
(vi)  Determination  of  the  oxygen  absorbed, 
(vii)  „  „      temporary  hardness, 

(viii)  „  „      permanent  hardness. 

Occasionally  (ii)  and  (vi)  are  not  reported,  but  the  quantities  of  organic 
nitrogen  and  organic  carbon  are  given  instead  (see  p.  512).  This  is  the 
information  usually  provided,  and  if  more  is  required  the  engineer  should  ask 
for  it.  The  additional  information  needed  when  coagulation  processes  are 
contemplated  is  considered  op  pp.  356  and  565.    The  questions  concerning  the 
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zinc-  and  lead-solvent  properties  of  tbe  water  are  discussed  on  page  514.  In  all 
these  cases  the  engineer  should  be  prepared  to  afford  full  informaiion  to  th« 
chemist,  and  should  state  his  requiremnits  in  adelinite  fbnn. 

Taking  ihe  eight  quantities  detailed  above  in  order  : 

(i)and  (ii)  Free  Atmnoniawid  Albwniaoid  Anunonfak— These  are  occasionally 
repotted  as  ammoniacal  nitrogen,  and  albuminoid  nitrogen.  The  conversion 
factor  is  given  by  : 

Nitrogenx  1 '314= Ammonia. 

I'he  albuminoid  ammonia  content  is  by  far  the  most  important  factor  ia 
determining  the  fitness  of  a  water  for  human  consumption.  If  less  than  atxfi 
parts  per  100,000,  the  water  can  be  passed  as  pure,  even  if  laif^  quantities  of 
free  ammonia  and  chlorine  are  present.  If  tbe  content  of  albuminoid  ammonia 
exceeds  0*005  P^rts  per  100,00a,  the  quantities  of  free  ammonia  and  chlorine 
should  be  considered,  and  if  these  are  high  a  bacteriolc^ical  examination  is 
necessary.  Anything  exceeding  o-oo8  parts  per  100,000  is  suspicious,  and  if 
the  albuminoid  ammonia  exceeds  o'oi  part  per  100,000,  a  bacterial  examination 
is  required  however  favourable  the  other  indications  may  be. 

A  proportitm  of  albuminoid  ammonia  in  excess  of  o'oi5  parts  per  100,000 
requires  very  strong  bacterial  evidence  before  the  water  can  be  considered  ai 
fit  for  human  consiunption.  In  these  cases  if  the  chlorine  content  it  low  (say 
less  than  i  part  per  100,000)  the  pollution  is  probably  of  vegetable  rather  than 
animal  origin.  While  a  water  so  heavily  charged  with  organic  matter  cannot 
be  considered  as  first  class  it  may  possibly  prove  bacterially  satisfactory,  and  ii 
certainly  a  better  raw  material  for  filtration  processes  than  a  water  of  equal 
albuminoid  ammonia  content,  containing  chlorine  in  quantities  (say  ove?  3  per 
100,000)  which  Indicate  pollution  of  animal  origin. 

In  waters  derived  from  deep  wells,  free  ammonia  has  no  definite  aignificaoce. 
The  average  value  is  o'oi  per  100,000,  but  o'o3  is  not  uncommon,  and  o'l  is  not 
unknown  in  bacterially  pure  deep  well  waters.  The  free  ammonia  in  these 
cases  results  from  the  reduction  of  nitrates,  and  therefore  indicates  a  pollution 

In  safe  spring  waters,  0^001  b  the  average,  and  o'oi  is  rarely  exceeded. 

In  upland  surface  water  the  average  content  is  o'oo2,  and  o"oo8  per  100,000 
is  rarely  exceeded  if  the  water  is  safe. 

In  water  derived  from  cultivated  land,  the  average  is  say  o'oos,  and  0*025  '3 
rarely  exceeded  if  the  water  is  safe. 

In  shallow  wells,  nil  to  1  per  100,000  is  found. 

The  figures  must  be  read  in  conjunction  with  the  albuminoid  ammonia 
content,  and  the  local  normal  content  of  free  ammonia,  as  discussed  under 
Chlorides,  must  be  aicertained. 

(iii)  Chlorides, — These  usually  indicate  the  presence  of  common  salt,  which 
in  itself  is  unobjectionable.  Seventy  parts  per  loo.ooo  are  distinctly  perceptible, 
and  anything  exceeding  this  indicates  a  brackish  water,  although  some  people 
find  even  20  parts  distasteful.  If,  as  is  usually  the  case,  all  the  chlorine  is 
present  as  common  salt,  the  weight  of  the  latter  is  vk^  times  that  of  the 
chlorine  (if  the  results  are  thus  reported). 

The  real  importance  of  chlorides  is  as  an  indicator  of  sewage  pollution. 
Human  urine  contains  about  1  per  cent,  of  salt,  and  consequently  sewage 
derived  from  a  town  supplied  with  say  30  gallons  (36  U.S.  gaUons)  per  bead 
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per  day,  will  contain  about  5  parts  per  ioo,otxi  more  chlorine  than  the  original 
water.  Hence,  before  we  can  lay  down  any  standard  for  a  suspicious  water,  we 
must  know  the  normal  content  of  unpolluted  water  in  the  district  under 
consideration.  In  England,  4  parts  of  chlorine  per  100,000  may  be  taken  as 
the  probable  value  for  normal  ground  waters.  Therefore,  if  in  a  district  where 
well  water  usually  yields  4  parts,  we  find  wells  near  the  centre  of  population 
yielding  30  parts  (as  sometimes  occurs),  it  is  hard  to  avoid  the  inference  that 
the  water  (although  possibly  quite  fit  for  human  consumption)  is  sewage,  which 
hasbeenusedover  and  over  again  ;  and  bacteriological  examination  is  obviously 
necessary  in  order  to  make  certain  that  the  natural  filtration  through  the  ground 
has  destroyed  ail  sewage  bacteria. 

In  the  United  Slates  it  would  appear  that  away  {i.e.  150  miles  or  more) 
from  the  sea,  chlorine  contents  equal  to  o'8  per  icx},cnx>  are  normal ;  so  that  in 
such  localities  a  content  of  even  3  parts  (allowing  for  the  fact  that  the  average 
water  supply  of  an  American  city  greatly  exceeds  30  gallons  per  head,  per  day) 
may  be  regarded  as  suspicious. 

As  a  contrast  to  these  figures,  cases  exist  of  waters  of  undoubted  bacterial 
purity,  containing  50  to  70  parts  per  100,000. 

It  must  also  be  remembered  that  sail  is  a  very  common  mineral,  and  may 
be  present  in  appreciable  quantities  in  bricks,  mortar,  or  wood  (due  to  soaking 
in  sea  water)  so  that  in  a  new  well,  the  materials  composing  the  lining  may 
oilect  the  analysis. 

(iv)  Retidite  left  on  Enpontlon.— This  may  vary  from  5  to  6  parts  per 
100,000  in  upland  sur&ce  waters,  to  150,  in  the  case  of  waters  drawn  from 
sandstone  strata.  Unless  the  water  contains  more  than  50,  or  even  60  parts  of 
solids  per  100,000,  no  exception  need  be  taken  to  the  solids  as  such.  The  in- 
formation is  mainly  useful  as  indicating  the  necessity  for  a  complete  analysis 
where  the  weight  of  chlorides,  nitrates,  and  hardness  found,  does  not  account 
for  all,  or  nearly  all  of  the  weight  of  the  residue. 

Charring  may  be  considered  as  indicating  the  presence  of  organic 
matter.    If  accompanied  by  an  offensive  odour,  this  is  probably  of  animal 

(v)  Nitratea.— These  thould  be  reported  as  parts  of  nitric  nitrogen  per 

100,000,  not  as  nitric  acid  (HNOj,  conversion  faaor, — !-  =  nitrogen),  or 

4'S 
nitric    anhydride    (NjO„     conversion    factor,    ^llT!?  .^^^ydnde  _^  ^.^^^^^^ 

Nitrates  are  derived  from  the  oxidation  of  nitrogenous  matter  of  animal  origin, 
and  may  therefore  indicate  animal  pollution  at  some  past  period,  which,  in 
certain  cases  at  least,  has  been  traced  back  to  as  remote  a  date  as  1640. 

Owing  probably  to  the  fact  that  nitrates  ate  the  final  product  of  the 
decomposition  of  organic  matter,  no  definite  standard  of  purity  can  be 
given. 

A  well  water  containing  more  than  7  parts  per  100,000  of  nitric  nitrogen  must 
certainly  receive  a  searching  bacterial  investigation,  but  many  waters  con- 
taining less  than  7  pans  per  100,000  are  also  unsafe.  Generally  speaking,  up  to 
I'S  parts  per  100,000  is  considered  to  beinnocuous,  but  the  amount  of  manuring 
which  the  surrounding  soil  receives  must  be  taken  into  account  j  and,  if  this 
does  not  explain  the  content  of  nitrates,  bacteriolt^ical  examination  is  indicated. 
In  the  case  of  a  well,  the  most  favourable  time  for  the  recognition  of  the 
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bacteria,  that  the  preaence  of  nitrates  indicates  are  likely  to  be  found,  is  soon 
after  heavy  rain. 

A  water  is  unsafe  in  which  both  chlorides  and  nitrates  occur  in  more  than 
the  normal  quantity ;  as  also  is  a  well  water  which  becomes  opalescent,  or 
turbid,  after  rain,  and  in  which  an  excesi  of  nitrates  can  he  traced. 

It  must  abo  be  noted  that  tain  water  invariably  contains  about  003  parts 
per  100,000  of  nitric  nitrogen. 

Nitrites  if  occurring  in  deep  well  waters,  have  no  definite  significance  ;  since 
they  are  probably  produced  by  the  reduction  of  nitrates,  the  total  content  of 
nitrogen  in  the  nitrates  and  nitrites  should  be  considered  when  drawing 
deductions  as  to  the  quality  of  the  water.  In  a  river,  however,  the  presence  of 
nitrites  is  extremely  significant,  since  it  almost  invariably  indicates  so  recent  a 
pollution  by  sewage  that  the  river  has  not  had  time  to  begin  to  purify  itself. 
Unless  the  presence  of  nitrites  can  be  otherwise  accounted  for,  such  water  is 
hardly  fit  for  human'  consumption  even  after  filtration,  unless  it  is  also 
sterilised. 

(vi)  Oxnen  Abacwbed.— This  is  usually  determined  by  Forcheimer's  test 
for  "Three  hours  at  80  degrees  Fahr,"  Some  chemists  make  two  determina- 
lions,  at  "15  minutes,"  and  at  "4  hours."  A  marked  dillference  between  the 
two  results  indicates  vegetable  rather  than  animal  pollution. 

Frankland  gives  the  following  standards  for  oxygen  absorbed  : 


Paru  per  100,000 

In  Upland  Sur&ce 
Waters. 

Other  Waten. 

Under  0-05 
>.  015 
„      o'ao 

Over     o-ao 

Water  of  great  purity 
„      medium  purity  . 
„      doubtful  purity  . 

Impure  water  . 

Under  010 
»      o'30 
„     040 

Over    040 

Ceteris  paribus,  the  greater  the  proportion  the  oxygen  absorbed  bears  to  the 
organic  nitrogen  or  albuminoid  ammonia,  the  better  the  water  is. 

The  mere  fact  that  two  standards  are  given  is  sufficient  to  show  that 
in  considering  this  quantity  we  must  take  into  account  (even  more  than 
is  necessary  with  other  chemical  data)  the  nature  of  the  water,  and    its 

(vii)  and  (viii)  HardncM,  Temponur  ud  Permanent— These  are  important 
quantities  in  coagulation  processes.  They  are  usually  reported  in  parts  per 
100,000  of  calcium  carbonate,  although  German  diemists  report  in  parts  per 
100,000  of  calcium  oxide,  and  some  English  chemists  in  grains  per  imperial 
gallon,  of  calcium  carbonate. 

I  grain  per  gallon  of  calcium  carbonate = I '428  parts  per  loo/xx)  of 

calcium  carbonate. 
1  part  per  10^000  of  catdum  onde?  1786  parts  per  I0Q,QP0  of  calciumx 

carbiKtale. 
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What  chemists  really  measure  is  the  namber  of  molecules  of  calcium,  or 
magnesium,  present  in  the  water.  Consequently,  the  fact  that  say  lo  parts  per 
loo/MO  of  calcium  carbonate  are  reported,  merely  indicates  that  3'S  grains  per 
impetial  gallon  of  metallic  calcium,  or  its  molecular  equivalent  in  magnesium, 
exist  in  the  water,  combined  with  one  or  more  of  the  "acids"  enumerated 

If  ihese  metals  aie  combined  as  carbonates  (CaCOg,  and  MgCOg),  at  rather, 
as  double  carbonates  {CaCHCOj)},  and  Mg^HCOii)^},  the  hardness  is  temporary, 
and  if  the  metals  exist  as  sulphates  (CaSO^,  or  MgSOi),  chlorides  (CaClj,  or 
MgCIf)  or  other  salts,  the  hardness  is  said  to  be  peraianent. 

Using  the  term  degree  for  i  part  of  CaCOg,  per  loc^ooo  we  lind  as  follows : 

Any  water  under.;  degrees  is  classed  as  very  soft. 
Any  water  between  J  and  lo  degrees,  as  fairly  soft. 

„  lo    „    i;        „       neither  soft  nor  hard. 

„  '5    ..    20        „       moderately  hard. 

„  -o    „    30        „       hard. 

Over  30  degrees  the  water  may  be  considered  as  objectionably  hard, 
especially  for  washing  purposes,  although  several  large  towns  use  waters  which 
are  harder  than  this. 

Moderately  hard  waters  are  usually  held  to  be  best  for  public  health. 
Waters  with  less  than  4  degrees  of  temporary  hardness  generally  act  on  lead, 
line,  and  iron,  and  should  coniequenlly  be  tested  for  this  property. 

In  those  cases  where  the  Organic  Carbon  and  JV/txocen  are  deter- 
mined in  place  of  oxygen  absorbed  and  albuminoid  ammonia,  the  following 
standard  may  be  used  : 

TOTAL  ORGANIC  CARBON  AND  NITROGEN  IN  PARTS  PER  100,000 


Water  of  great  purity 

„       medium  purity 
„      doubtful  purity 
Impure  water  . 


Metallic  Impurities.— T\k  facts  in  regard  to  iron  &re  given  on  page  5S4. 

Zinc  and  Lead  are  both  dissolved  by  certain  waters,  and,  in  view  of  their 
ptMsonous  properties,  and  use  in  construction  of  water  pipes,  the  action  of  the 
water  on  these  metals  is  quite  as  important  as  the  amount  that  may  already  be 
in  solution. 

Waters  which  dissolve  zinc  are  generally  very  soft  {i.e,  i  to  4  degrees  of 
temporary  hardness},  as  also  are  some  of  the  lead  solvent  waters.  In  such 
cases,  passing  through  chalk  (see  p.  549)  is  an  effective  remedy. 

The  modeni  bacteriologists'  view  of  chonical  analyses  is  best  illustrated  by 
Houston's  reports  to  the  London  Water  Examiner  (years  1907-1910).    The 
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"chemical"  analyses  report  the  following  quantities  in  parts  per  ioo.ood,  unless 
otherwise  stated : 

.  '      >    '^  free  ammonia 

AmmoDiacat  nitrogen  = \-Trr~~' 

...       .     .  ,                      albumrnoid  ammonia 
Albuminoid  nitrogen  = ^ — . 

Oxidised  nitrogen,  i.e.  in  nitrates  and  nitrites,  if  these  latter  occur. 

Chlorine. 

Oxygen  absorbed  from  permanganate,  3  hours  at  80  degrees  Fahi. 

Turbidity  in  terms  of  saccharated  carbonate  of  iron. 

Cokmr  (by  tintometer),  Burgess'  method,  mm.  brown,  2  feet  tubes. 

Total  hardness. 

Permanent  hardness. 
Houston  states  as  follows  : 

"  The  albuminoid  nitrogen,  and  oxygen  absorbed  from  permanganate,  tests 
are  relative  measures  of  the  nitrogenoas  and  carbonaceous  organic  matter  in 
the  water." 

"The  turbidity  test  measures  approximately  the  suspended  matter  in  the 
water,  and  the  colour  test  the  degree  of  brown  colouration." 

The  chemical  tests  for  organic  matter  must  therefore  be  considered  merely 
as  suggestive.  The  value  of  such  indications  is  greatest  when  they  are  cor- 
roborated either  by  the  presence  of  minerals,  such  as  chlorides,  or  by  the  results 
of  an  examination  of  the  local  conditions  affecting  the  source  from  which  the 
water  is  drawn.  If  the  organic  chemical  tests  are  isolated  facts  only,  a  water 
which,  when  thus  regarded,  is  "very  pure"  may  disseminate  typhoii^  or  other 
diseases,  and  an  "  impure  water"  may  be  quite  harmless. 

Site  of  Filtration  Plant.— The  best  location  for  Purification  Works  is 
plainly  that  which  gives  least  opportunity  for  after-pollution.  Hence,  in  most 
cases,  the  site  selected  is  as  close  to  the  town  as  possible.  On  the  other  hand, 
unpurified  water  is  liable  to  incrust  and  foul  the  supply  channels ;  and  where 
the  water  is  drawn  from  sources  far  distant  from  the  town  supplied,  it  is  occasion- 
ally advisable  to  submit  it  to  some  preliminary  process  of  purification  before 
entering  the  supply  works.  Such  cases  are  most  frequent  in  storage  reservoirs,  and 
the  methods  employed  are  generally  designed  to  prevent  action  on,  or  deposits 
in,  the  pipes,  or  convejnng  channels  ;  and  the  bacterial  purification  which  may 
occur  is  of  secondary  importance. 

The  three  most  usual  troubles  to  be  dealt  with  are  (see  p.  437) : 

(i)  Slime  deposits. 
(ii)  Deposits  of  iron  or  mangattese. 
(iii)  Erosive  action,  whether  on  metals  or  cement. 
The  first  two  are  somewhat  intimately  connected.    The  best  method  of 
deaKag  with  either  appears  to  be  aeration,  followed  by  a  rough  filtration,  or  the 
installation  of  Peuch-Chabal  or  other  digroisseurs. 

The  Derwent  reservoir  plant  may  be  considered  as  typical  (see  p.  530).  It  is 
probably  more  elaborate  than  is  usually  advisable,  since  it  is  frequently  difficult 
to  find  a  favourable  site  for  any  large  installation  close  to  a  storage  reservoir ; 
and-the  saving  in  money  expended  on  pipes,  due  to  the  suppression  of  slime 
alone,  is  not  very  considerable,  except  in  cases  where  large  volumes  of  water 
33 
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(from  the  point  of  view  of  a  town  supply)  are  carried  It  must  be  remembered 
that  slime  deposits  usually  occur  only  in  the  first  five  or  ten  miles  of  tbe 
channel. 

Thus,  as  a  rule,  engineers  are  content  with  straining  the  water  through  fine 
mesh  copper  screens.   The  utility  of  the  process  is  doubtful  (see  pp.  438  and  549). 

Tbe  circumstances  whicb  generally  prevail  close  to  a  storage  reservoir 
(water  available  at  a  fairly  high  pressure  and  small  space  for  filter)  are  admirably 
fitted  for  ;?.pid  or  mechanical  filtration  ;  and  if  this  filtration  is  combined  with  a 
prop>erIy  selected  chemical  treatment,  all  types  of  incrustation  and  deposits  in 
the  supply  main  can  be  regarded  as  impossible.  The  saving  in  money  thus 
effected  is  by  no  means  small,  and  may  (especially  in  long  mains)  fully  justify 
an  elaborate  preliminary  treatment,  even  in  cases  when  the  pos»bilities  of  aAer- 
pollution  are  such  as  to  render  a  second  filtration  nearer  to  the  town  absolutely 
necessary. 

Certain  waters  act  on  lead,  zinc,  or  other  metals.  In  view  of  the  fact  that 
lead  is  an  accumulative  poison,  and  is  not  eliminated  from  tbe  human  body,  no 
water  that  continuously  attacks  lead  can  be  regarded  as  safe  for  human  con- 
sumption. The  tests  must,  however,  be  conducted  with  a  view  to  ascertaining 
wheiher  the  water  acts  on  lead  continually,  or  not ;  since  many  waters  are 
found  to  allnck  lead  at  first  contact,  but  very  rapidly  cover  the  metal  with  a 
protective  coating  which  prevents  any  further  action.  Such  waters  may  be 
considered  as  safe,  and  require  no  further  treatment. 

Many  waters,  principally  those  drawn  from  moorlands  containing  peat  bogs, 
dissolve  lead  and  deposit  no  protective  coating.  Such  waters,  as  likewise  those 
which  act  in  a  similar  manner  on  »nc  or  copper,  must  be  treated  before  they 
are  passed  through  metal  pipes. 

The  method  at  present  adopted  (apparendy  with  UQiversal  success)  is  to 
neutralise  the  water.  This  is  generally  effected  by  passing  the  water  through 
a  filter  bed  containing  limestone,  or  chalk,  finely  powdered.  This  process  is 
usually  combined  with  sand  filtration,  the  powdered  limestone  being  mixed  with 
the  sand  bed. 

A  similar  process  has  been  found  useful  in  the  case  of  waters  which  attack 
lime,  or  cement.  I'hese  are  usually  peaty  moorland  waters  of  acid  reaction, 
and  cases  have  occurred  where  their  corrosive  action  has  been  so  intense  as  to 
seriously  damage  the  cement  linings  of  the  water  channels.  The  danger  is 
especially  acute  when  the  concrete  aggregate  is  composed  of  limestone.  (See 
PJ.C.E.,w\.  167,  p,  153.) 

Methods  of  Water  ImprOTcment.— Any  method  for  the  improvement  of 
water  intended  for  human  consimiption  must  be  judged  almost  exclusively  by 
the  degree  in  wbich  bacteria  are  diminished,  although  popular  prejudice  as  to 
the  suitability  of  the  water  is  greally  influenced  by  other,  and  in  reality  adventi- 
tious qualities,  such  as  clearness,  softness,  and  absence  of  taste,  odour,  or  colour. 

Consequently,  it  is  fortunate  that  a  process  which  proves  successful  from  a 
bacterial  pnint  of  view,  generally  produces  a  water  gratifying  to  popular  taste- 
In  certain  cases,  however,  special  processes  have  been  introduced  with  a  view 
to  softening  water,  ot  removing  taste,  colour,  or  odour,  and  these  will  be 
described  later  on. 

The  conditions  usually  giving  most  trouble  to  officials  responsible  for  public 
health,  :irc  those  where  the  existing  water  supply  is  clear,  sparkling,  and  in 
every  way  in  conformity  with  popular  ideas,  but  impure  from  a  bacteriological 
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point  of  view.  Sucb  conditions  are  very  frequent,  especially  in  the  ground 
waters  of  thickly  populated  countries,  and  it  is  often  difficult  to  persuade 
the  community  that  such  a  supply  is  dangerous  to  health.  Popular  ideas  of  a 
good  water  vary  somewhat  in  different  countries,  and  this  variation  has  not 
been  without  effect  on  scientific  standards.  In  view  of  the  fact  that  outside 
Western  Europe  and  the  United  States,  the  ofScia]  analyst  and  bacteriologist 
is  frequently  a  German,  either  by  nationality,  or  by  scicnliHc  training,  it  should 
be  borne  in  mind  that  (principally,  I  believe,  due  to  military  considerations)  the 
German  standard  of  good  water  is  a  typical,  good,  ground  water.  Such  experts 
therefore  frequently  recommend,  in  al!  good  faith,  a  ground  water  supply,  even 
when  better  water  (from  an  English  or  American  point  of  view)  is  available. 
While  their  choice  may  be  assumed  to  be  unexceptionable,  from  a  scientific  point 
of  view,  it  is  always  well  to  remember  that  this  preference  for  a  ground  water  is 
not  shaied  by  other  European  nationalities,  and  that  (especially  among  races 
largely  vegetarian  in  diet),  a  hard  water,  even  tboi^h  pure,  is  liable  lo  be 
unpoptilar  when  introduced  to  replace  a  soft  one,  even  though  the  latter  is 
polluted.  Two  such  cases  have  come  under  my  personal  observation  ;  in  one  of 
them,  the  introduction  of  the  hard  water  supply  was  followed  by  stomach 
troubles,  to  such  an  extent  that  the  revenue  of  the  Water  Supply  Company  was 
materially  diminished.  The  inconveniences  were  rendered  more  acute  because 
the  native  population,  being  accustomed  to  boil  all  drinking  water,  had  been  but 
little  aSected  by  the  pollution  existing  in  the  original  supply. 

Similarly,  it  must  be  remembered  that  American  experts  are  accustomed  to 
deal  with  waters  drawn  from  sparsely  populated  (from  a  European,  or  Asiatic 
standard)  catchment  areas,  which  contain  a  large  number  of  bacteria,  but 
apparently  not  so  great  a  proportion  of  disease-producing  species  as  is  usual  in 
England  or  Germany.  Hence,  it  sometimes  follows  chat  they  are  prepared 
(where  economy  is  the  ruling  factor)  to  remain  satisfied  with  a  purified  water 
containing  a  number  of  bacteria  far  in  excess  of  any  usual  European  standard. 
Such  opinions,  when  put  forward  concerning  waters  drawn  from  sources  exposed 
to  pollntion  from  a  dense  population,  should  be  received  with  suspicion.  The 
danger,  however,  is  not  so  acute  as  in  the  case  of  Germans  and  ground  water, 
since  the  best  American  practice  is  as  stringent  as  the  best  European. 

It  is  somewhat  difficult  for  an  English  engineer  to  criticise  the  methods  in 
which  be  was  trained,  but  1  consider  thai  the  English  practice  is  rather  too 
prone  to  rely  exclusively  on  slow  sand  filtration,  and  to  regard  a  moorland 
water  stained  with  peat  somewhat  Coo  leniently.  From  practical  experience,  I 
am  well  aware  that  peat-stained  waters  are  often  quite  as  objectionable  to  a 
population  thoroughly  unaccustomed  to  them,  as  a  good  German  ground  water 
is  to  a  non-German  population.  I  am  also  inclined  to  believe  that  these 
objecticMis  have  a  very  fair  foundation  in  the  shape  of  a  somewhat  higher  deach- 
rate  from  diseases  such  as  infantile  diarrhcea,  and  other  minor  stomach 
ailments.  It  is  therefore  always  advisable  to  consider  carefully  whether  the 
nationality  and  experience  of  the  bacteriologist  recommending  the  source  of 
supply  are  such  as  to  enable  him  to  gauge  local  prejudice  accurately. 

The  methods  employed  for  water  purification  may  be  divided  into  tlitee 
classes: 

(i)  Sedimentation. 
(ii)  Straining,  or  filtration, 
(iii)  Chemical  methods. 
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This  classification  can  only  be  regarded  as  a  practical  one  ;  for,  when  cart- 
fully  investigated,  even  the  slow  sand  filter  is  found  to  produce  chemical 
changes,  and  its  working  is  largely  conditioned  by  the  amount  of  sedimentation 
that  takes  place  before  filtration. 

Consequently,  il  appears  more  logical  to  describe  and  investigate  the  slow  sand 
filter,  and  lo  consider  the  other  meihods  mainly  as  supplementary,  or  altematiTe. 

It  should  be  understood  that  1  do  not  wish  to  advocate  slow  sand  filtration 
in  every  case.  It  is  a  very  excellent  treatment  for  most  waters,  but  is  not 
applicable  to  all.  I'robably  the  error  most  frequently  made  in  hydraulics  by 
English  engineers  is  its  application  to  waters  better  dealt  with  by  other  pro- 
cesses. The  idea  that  a  good  process  of  purification  necessarily  entails  the 
use  of  a  slow  sand  filter  is  responsible  for  much  unjustifiable  expenditure  of 
money. 

The  actual  facts  are  that  slow  sand  filters,  wh«n  properly  worked,  are 
capable  of  satisfactorily  removing  bacteria.  They  are,  however,  readily 
clogged,  and  rendered  temporarily  useless  by  substances  existing  in  a  colloidal 
state  {i.e.  in  a  stale  resembling  very  diluted  glue  or  jelly).  Where  the  water 
is  turbid  (much  over  so  parts  per  million),  and  the  particles  producing  the 
turbidity  are  of,  or  close  to,  bacterial  size,  the  sand  becomes  dirty  to  such 
an  extent  that  cleaning  is  difficult,  and  a  portion  of  the  turbidity  is  not 
removed  by  the  filters.  In  such  cases,  preliminary  treatment  is  necesBary, 
e.g.  the  colloids  are  precipitated  by  aeration,  or  by  treatment  with  iron  j  or 
the  turbidity  is  rendered  filtrable  by  coagulation  with  aluminium  sulphate  or 
lime,  with  or  without  iron  sulphate. 

Thus,  all  waters  can  be  rendered  fit  for  purification  by  the  process  <rf  slow 
sand  filtration.  But  it  must  not  be  assumed  that  this  method  of  treatment  is 
necessarily  either  the  most  eSisctive,  or  the  cheapest. 

Slow  Sand  Filters. — Practical  details  of  the  working  of  slow  sand  filters 
are  principally  due  to  English  engineers.  Our  scientific  knowledge  of  the 
system,  and  its  rationale,  is  mostly  of  German  origin. 

Postponing  constructional  details  for  the  moment,  it  may  be  stated  that  the 
effective  portion  of  the  filter  is  not  the  sand,  but  the  SchmntsdeclM,  and  the 
Zooglea.     These  may  be  defined  as  follows  : 

Schmutzdccke,  is  the  layer  of  fine  sediment  containing  bacteria  and  Other 
organised  mailer  (alga;,  etc.)  that  forms  on  the  surfiice  of  the  sand  layer. 

Zooglea,  is  a  glutinous  coating,  also  containing  bacteria,  and  probably 
entirely  of  bacterial  origin,  which  forms  on  the  individual  grains  of  sand. 

Sand,  in  itself,  can  hardly  be  supposed  to  exercise  any  straining  action  on 
bacteria,  for  it  forms  far  too  coarse  a  filter.  The  relative  siie  of  a  bacterium 
and  the  passages  between  the  grains  of  sand  are  such,  that  we  might  just  as 
well  expect  a  sieve  with  holes  one  inch  square  to  retain  grains  of  fine  sand. 

Ifa  filter  which  has  been  at  work  for  some  period  is  examined,  a  thin  crasi 
of  "dirt"  will  be  found  on  the  top  of  the  sand.  This  forms  the  Schmutidecke, 
or  rather,  the  Schmutidecke  is  contained  in  this  crTist.  Also,  the  individual 
grains  of  sand  will  be  found  to  be  no  longer  sharp  and  gritty  to  the  touch,  but 
coated  with  a  gelatinous,  transparent  substance,  resembling  a  whiti^  coloured 
glue  when  viewed  under  a  lens.     This  is  the  Zooglea. 

The  action  on  bacteria  is  believed  to  be  swnewhat  as  follows :  The 
passages  throiL(;h  the  Schmutzdecke  are  so  small  that  the  bacteria  are  retained 
in  it,  and  are  consumed  there  by  the  living  organisms  composing  a  portion  of 
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tbe  Schmulzdecke.  Until  lately,  this  was  generally  considered  to  be  the  only 
effective  portion  of  the  filter.  More  recent  iovestigations  make  it  probable  that 
a  certain  fraction  of  the  bacteria  pass  through  the  Schmutzdeckc,  and  are 
arrested  by  the  Zooglea  (probably  by  some  action  more  rescnibhng  that  of  a 
layer  of  stones  covered  with  bird-hme,  than  a  sieve),  and  are  there  consumed. 
The  relative  value  of  the  Schmutzdecke  and  Zoogtca  in  removing  bacteria  is 
somewhat  uncertain,  and  careful  Investigations  are  desirable.  It  is  plain  (hat 
if  the  Schmutzdecfce  alone  were  the  active  agent,  the  layer  of  sand  could  be 
made  considerably  thinner  than  is  usual  in  good  practice;  and  there  is  no 
doubt  that  of  later  years  there  has  been  a  decided  tendency  to  decrease  the 
thickness  of  the  sand  layer.  On  the  other  hand,  should  the  Zooglea  prove  to 
be  more  imptortant  than  is  at  present  believed,  it  is  probable  that  some 
advantage  might  be  gained  by  thickening  the  sand  layer. 

So  far  as  our  present  evidence  goes,  it  appears  that  the  Schmutxdecke 
performs  most  of  the  work.  I  would,  however,  point  out  tliat  the  evidence  is 
by  no  means  conclusive.  The  fact  that  comparatively  few  living  bacteria  are 
found  below  the  Schmutidecke  may  only  mean  that  the  destructive  action  of 
the  Zooglea' is  very  rapid.  The  practical  results  of  filtration  through  thin 
layers  of  sand  are  not  always  sufficiently  satisfactory  to  enable  us  definitely  to 
say  that :  "The  thickness  of  the  sand  layer  need  only  be  adequate  to  support 
the  Schmutidecke,  and  to  prevent  accidental  Assuring." 

The  practice  which  the  London  Water  Companies  had  arrived  at  before 
modem  hacteriological  investigations  had  been  made,  is  probably  not  very  far 
from  the  truth.  If  this  practice  is  accepted  as  correct,  we  may  deduce  the 
following  principles. 

When  the  filter  is  working  normally  the  Schmutzdecke  is  probably  quite 
capable  of  destroying  all  the  bacteria  existing  in  the  raw  water,  unless  this  is 
abnormally  polluted.  Every  filter,  however,  is  cleaned  at  fairly  frequent 
intervals,  and  the  efficiency  of  the  filtration  system  as  a  whole  greatly  depends 
on  the  rapidity  with  which  a  filter  attains  its  normal  power  of  destroying 
bacteria  after  cleaning. 

Now,  cleaning  is  essentially  the  removal  of  the  Sclunu  tide  eke,  and  normal 
working  only  commences  after  the  formation  of  a  new  Schmutidecke.  The 
almost  universal  practice  of  waterworks'  engineers  is  to  replace  the  sand 
scraped  off  in  cleaning  by  old  filter  sand  that  has  been  washed  ("ripe  sand"), 
and  which  is  still  coated  with  Zooglea.  Since,  in  many  cases,  this  washed  ripe* 
sand  is  more  costly  than  tbe  freshly  dug  article,  it  appears  that  practical 
experience  favours  the  idea  that  some  extra  expenditure  in  order  to  obtain  a 
certain  thickness  of  sand  coated  with  Zooglea  is  advantageous. 

Thus,  British  engineers  had  come  to  the  conclusion  that  while  equally  good 
results  could  be  obtained  with  filters  containing  only  18  inches  or  2  feet  of  sand 
as  with  those  containing  3  or  4  feet  of  sand,  yet  the  results  obtained  with  the 
thinner  layers  of  sand  were  less  consistent,  and  were  more  easily  detrimentally 
affected  by  carelessness  in  working,  or  by  sudden  changes  in  the  condition  of 
the  water,  or  of  the  weather. 

This  practice  is  still  standard,  and  although  a  skilled  bacteriologist  is  now 
able  to  ascertain  the  exact  causes  producing  these  detrimental  effects,  the 
average  supervisor  of  filters  is  not  a  skilled  bacteriologist,  and  is  therefore  likely 
to  be  easily  led  into  error  by  wronjjly  applying  his  experience.  Thus,  the 
practical  view  of  the  matter  appears  to  be  that  a  choice  must  be  made  between 
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ihick  layers  of  sand  and  (relatively  speaking]  a  low  grade  of  supervision,  or 
thin  layers  of  sand,  and  skilled,  scientific  supiervision. 

In  connection  with  this  question  it  is  also  as  well  to  point  out  that  rupture  of 
the  Schmutzdecke  must  occasionally  occur,  especially  in  the  slimmer  months, 
and  that  after  such  Assuring  a  satisfactory  filtrate  can  be  obtainpd,  provided 
only  that  the  break  is  not  so  marked  as  to  cause  the  fonnation  of  definite 
channels  through  the  sand.  In  some  instances  indeed,  it  has  been  found 
advantageous  to  purposely  rupture  the  Schmutzdecke,  and  resume  working 
after  say,  six  or  seven  hours'  rest  (see  Rutter,  P.I.C.E.,  vol.  146,  p.  258). 

In  both  cases  it  seems  hard  to  avoid  the  deduction  that  a  fair  thickness  of 
sand  coaled  with  Zooglea  is  in  itself  a  very  efficient  filter. 

The  question  is  also  of  importance  in  connection  with  d^groisseurs,  and 
mechanical  filters,  and  will  be  referred  to  later  on. 

Constructional  DFTAiLS.~T\it  area  of  filters  required  to  purify  a  given 
volume  of  water  daily  depends  entirely  upon  the  quality  of  the  raw  water. 
Systematic  preliminary  tes.ts  should  be  made,  as  the  necessary  expenditure  may 
easily  be  recouped  several  limes  over. 

The  German  Government  has  definitely  laid  down  that  the  maximum 
permissible  velocity  of  filtration  must  not  exceed  4  inches  per  hour.  This 
means  a  yield  in  filtered  water  of  8  cubic  feet,  say  50  gallons  (60  U.S.  gallons) 
per  square  foot  of  filtered  area  per  day  ;  or,  taking  the  usual,  but  illogical  units, 
2'i8  million  gallons  (26T  million  U.S.  gallons)  per  acre  per  day. 

It  is  to  be  hoped  that  no  such  cast-iron  rule  will  be  introduced  into  other 
countries.    Such  enactments  may  be  considered  as  a  bureaucratic  extension  of   ■ 
the  principle, — "a  ton  of  bricks  we  understand,  an  ounce  of  brains  is  beyond 
our  intellect." 

Baldwin  Wiseman  {P.I.C^.,  vol.  165,  p.  352)  has,  collected  the  filtration 
velocities  used  in  forty-one  British  waterworks. 

The  mean  value  is  g'l?  feet  daily,  or  say  25  million  gallons  {3  million  U.S. 
gallons)  per  acre  per  day. 

The  maximum  value  is  204  feet  per  day,  at  Falkirk.  At  Ripon,  where  the 
water  receives  some  preliminary  treatment,  it  is  i7'8  feet.  All  cases  where  the 
velocity  is  over  12  feet  a  day  occur  in  small  country  towns. 

The  minimum  value  is  i'4  foot  per  day,  but  this,  it  is  believed,  is  due  to  the 
filter  being  too  large  for  the  present  supply  ;  and  z  to  2'4  feet  daily  is  probably 
•the  true  minimum. 

I  have  been  unable  to  trace  any  connection  between  these  figures,  and  such 
of  the  death-rates  from  typhoid  in  the  above  towns  as  are  accessible  to  mc. 
1  therefore  consider  that  such  variations  are  permissible  in  good  practice,  and 
are  entirely  caused  by  variations  in  the  quality  of  the  raw  water. 

It  is,  however,  possible  to  classify  the  figures  given  by  Wiseman  according 
to  the  source  from  which  the  raw  water  is  drawn,  as  follows  : 

Walersjrom  storage  reservoirs  (27  cases). 

Mean  value        ....      3-93  feet  per  day. 
Maximum  value ....    20'4o    „         „ 
Minimum  value.         .         .         ■       2-5       „  „ 

and  in  this  last  instance  the  gathering-ground  is 
thickly  populated,  and  the  water  is  therefore 
unusually  exposed  to  pollution. 
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Waters  from  rivtn  (7  cases). 

Mean  value 5-60  feet  per  day. 

Maximum  value  ....    9*30    „         „ 
Minimum  value   .  .    4'6o    „         „ 

Waters  from  wells,  or  springs,  i.e.  groundwaters  (7  cases). 
Mean  value  ....  lyiio  feet  per  day. 
Maximum  value.        .  i4'io    „         „ 

Minimum  value .        .        .        •      3'S      »         <> 
The  number  of  cases  is  hardly  sufficient  to  allow  of  any  very  reliable 
deductions  being  drawn,  more  especially  in  view  of  the  fact  (hat  many  of  the 
filter  beds  are  known  not  to  be  as  severely  worked  as  they  will  be  when  the 

There  is,  however,  a  very  clear  connection  between  the  density  of  the 
population  inhabiting  the  drainage  areas,  together  with  the  amount  of  control 
the  Waterworks'  Authority  possesses,  and  the  velocity  of  filtration.  It  appears 
that  it  is  cheaper  to  expropriate  any  small  existing  population,  rather  than  to 
build  the  extra  area  of  litters  necessitated  by  habitation  of  the  catchment  area, 
owing  to  the  reduction  in  filtration  velocity.  There  is  also  an  apparent  con- 
nection between  a  large  annual  rain-fall  on  the  catchment  areas,  and  high 
velocities  of  filtration.  Whether  this  is  a  real  connection,  or  only  indicates  that 
wet  catchment  areas  arc  thinly  populated,  is  uncertain. 

The  filtration  velocities  employed  in  America  vary  to  a  far  greater  extent, 
and  in  most  cases  these  variations  are  justified  when  Che  qualities  of  the  raw 
waters  are  considered-  American  practice,  as  opposed  to  English,  is  not  so 
exclusively  founded  on  experience  of  slow  sand  filters  alone,  and  I  consequently 
consider  the  American  figures  more  applicable  to  methods  which  include  not 
only  sand  filters,  but  also  auxiliary  processes. 

Having,  either  by  special  experiments,  or  from  experience  in  neighbouring 
cities  using  similar  waters,  selected  the  appropriate  velocity  of  filtration,  we  can 
determine  the  nett  necessary  area  of  filters  by  the  equation  : 

,_    .  ,  Maximum  daily  consumption  in  cubic  feet 

Area  in  square feet=  — — ,73-7-;— >zi— ' — ? — : — ""• 

^  Yield  of  filters  per  square  foot 

To  this  nett  figure  must  be  added  an  allowance  for  the  filter  area  which  is  out 
of  use  during  cleaning.  As  a  matter  of  experience,  filters  require  cleaning  most 
frequently  during  the  season  when  the  consumption  is  at  a  maximum  (<>.  the 
hot  weather  season).     Bunon  ( Water  Supply  of  Tovms)  suggests  the  following 

For  a  fiopulation  of  3000  : 

Allow  2  filter  beds,  1  of  which  can  deal  with  the 
sumption. 
For  a  population  of  10,000  : 

Allow  3  filter  beds,  2  of  which  can  deal  with  the  n 
sumption. 
For     6o,ocx>  population,    4  beds, 
„      200,000  „  6     „ 

„      400,000  „  8     „ 

„      600,000  „  12     ,. 

„    1,000,000  „  16    „ 
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When  the  number  of  filter  beds  exceeds  8,  the  possitHlUy  of  2  of  them  having 

lo  be  cleaned  simultaneously  should  be  allowed  for  (see  p.  S31). 

Design  of  Filtera.— It  is  first  necessary  to  fix  the  total  depth  of  the  whole 
filter,  including  the  drains,  the  gravel  and  sand  layers,  and  the  depth  of  water 
above  the  sand,  as.  this  generally  determines  the  design  and  cost  of  the  whole 
filter. 

The  depih  of  water  is  usually  about  3  feet,  to  3  feet  6  inches.  If  a  smaller 
depth  than  3  feet  is  adopted,  it  will  be  found  that  the  water  tends  to  become 
unduly  warm  in  summer,  even  in  so  temperate  a  climate  as  that  of  the  British 
Isles.  Such  a  depth,  with  a  freeboard  of  6  inches  to  I  foot  will  cause  the  upper 
surface  of  the  sand  layer  to  be  about  3  feet  6  inches,  to  4  feet  6  inches  below 
the  top  of  the  filter. 

It  is  probable  that  a  greater  depth  of  water  might  be  advantageous  in  warmer 
climates,  not  so  much  with  the  object  of  keeping  the  water  cool,  as  to  mioimise 
the  activity  of  vegetable  and  animal  life  in  the  Schmutzdecke.  This  practice 
has  not  as  yet]  been  Lirgely  adopted,  and  the  extra  cost  entailed  is  obvious- 
Neveriheless,  tropical  installations  of  slow  sand  fjliers  are  far  too  frequently 
designed  on  lines  found  suitable  in  temperate  climates,  and  it  is  possible  that 
many  of  the  troubles  then  met  with  are  due  to  an  insufficient  depth  of  water 
over  the  sand.  Whether  the  correct  solution  lies  in  a  greater  depth  of  water, 
or  in  the  installation  of  mechanical  filters,  or  in  some  previous  chemical  treat- 
ment, is  a  question  which  the  local  peculiarities  of  the  water  must  decide. 

In  any  case,  the  adoption  of  portable  ejectors  for  lifting  the  sand  removed 
in  cleaning,  minimises  the  difficulty  previously  met  with  in  working  filters 
where  the  sand  layer  was  much  over  5  feet  below  the  top  of  the  filter,  this 
being  nearly  the  maximum  height  that  a  wheelbarrow  can  be  rolled  up  a  plank 
of  ordinary  size,  laid  from  the  sand  to  the  top  of  the  filter.  The  depths  of 
water  in  typical  British  filters  are  tabulated  on  page  529. 

Covering  of  Filters. — In  cold  climates,  it  is  usual  to  cover  the  filters  with  a 
vaulting  of  concrete,  or  brick  arches,  in  order  10  prevent  the  water  from  freezing. 
Covered  filters  arc  more  cosily,  and  are  bacterially  less  efficient  than  the  open 
type  (see  p.  531).  Hazen  states  that  while  open  filters  are  worked  in  climates 
where  the  mean  temperature  of  the  coldest  month  is  as  low  as  37  degrees  Fahr., 
yet,  uhere  this  temperature  is  less  than  31  degrees  Fahr.,  newly  constnicted 
fillers  nre  almost  invariably  covered. 

It  is  becoming  usual  in  tropical  climates  to  shade  filters  by  a  light  roof  of 
galvanised  iron,  or  slate,  supported  on  columns.  In  many  cases,  where  dust 
storms  are  of  frequent  occurrence,  some  such  shelter  is  almost  indispensable, 
and  there  is  no  doubt  that  working  is  rendered  more  easy  in  hot  weather. 
Many  tropical  installations,  however,  succeed  without  any  shelter  being 
provided.  I  ani  not  aware  that  any  difference  in  bacterial  efficiency  has 
yet  been  observed  between  filters  thus  protected,  and  the  ordinary  unshaded 
filter. 

Thickness  of  Sand  Layers,~"i\i^  evidence  in  favour  of  the  belief  thai  ripe 
sand  in  itself  exercises  a  destructive  action  on  bacteria,  bas  already  been 
given.  A  certain  minimum  thickness  of  sand  is  desirable  in  practical  wrorking, 
if  only  to  prevent  the  formation  of  definite  channels  in  the  sand,  which 
would  permit  the  passage  of  unfiltered  water  if  the  Schmutzdecke  were 
ruptured. 

We  have  also  to  consider  the  working  of  the  filter  after  it  has  been  cleaned. 
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and  while  k  is  well  known  ihmt  a  filter  does  not  yield  properly  purified  water 
for  some  period  (say  14  hours)  after  each  deasing,  yet  a  satisfactory  filtrate  is 
delivered  after  a  far  shorter  ioterval  than  is  required  to  form  a  good  Schrautz- 
decke.  It  Is  therefore  considered  that  the  Zooglea  is  important  since  it 
permits  earlier  delivery  of  properly  purified  water.  Thus,  until  more  detailed 
evidence  is  forthcomijig,  it  is  inadvisable  to  lay  too  much  stress  on  the  theory 
of  the  Schmutzdecke  alone,  and  a  smaller  thickness  of  sand  than  say  I  foot 
10  inches  does  not  appear  to  be  desirable  even  in  favourable  casts.     The 
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Detail  of  siatis 

Sketch  No.  139. — Fillers  al  Iviy. 


matter  concerns  not  only  the  design  of  filters,  but  their  working,  sioce  it 
appears  advisable  to  provide  a  large  thickness  of  sand  when  the  preliminary 
studies  indicate  that  the  filters  will  have  to  be  cleaned  frequently,  so  as  to  be 
able  to  start  the  hot  weather  of  each  year  (or  thu  period  during  which  the 
filters  require  most  cleaning)  with  a  good  depth  of  sand.  This  depth  may  tI^en 
be  diminished  to  the  minimum  thickness  either  by  special  removal,  or  by  the 
accumulated  effect  of  scraping,  as  the  season  approaches  when  cleaning  is  less 
frequently  necessary  (see  p.  532). 

The  principles  are  plain  :— In  polluted  water  of  a  character  such  that  the 
filters  must  be  cleaned  at  short  intervals,  a  large  thickness  of  sand  is  indicated. 
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and  this  should  not  be  too  much  diminished  by  scraping  unaccompanied  by 
any  replacement  of  sand.  In  less  polluted  water,  and  where  the  filters  do  not 
need  frequent  cleansing,  the  Schmutidecke  may  be  considered  as  capable  of 
effecting  the  whole  work  of  purification  without  any  assistance.  Thus,  a  thin 
layer  of  sand,  the  thickness  of  which  may  be  largely  diminished  by  scraping, 
is  indicated,  and  the  consequent  reduction  in  the  total  depth  of  the  filters  permits 
a  material  saving  to  be  made  in  first  cost. 

The  Ivrybeds  (Sketch  No.  139)  are  extremely  thin,  gravel  and  drains  being 
replaced  by  "  dalles  filtrantes."  The  water  is  subjected  to  a  careful  preliminary 
treatment  (p.  S47).  The  sand  layer  at  Albany  (Sketch  No.  140)  performs  the 
whole  work  of  filtration,  and  is  as  thick  as  is  ever  found  in  a  scientifically 
designed  filter.  Sketch  No.  142  shows  London  practice  before  the  Schmuti- 
decke theory  was  fully  grasped,  and  would  now  be  considered  defective,  the 
later  designs  having  2  feet  9  inches  of  sand.  The  drainage  arrangements  are 
not  recommended,  but  the  whole  "machine"  produced  admirable  results  with 
very  little  scientific  assistance. 

The  i-foot  thickness  of  sand  which  is  used  in  the  Bamford  filters  (see 
p.  530)  is  about  as  small  as  is  likely  to  be  adopted  in  good  practice.  Cases 
where  filtration  through  9,  or  even  6,  inches  of  sand  is  considered  sufficient 
can  be  found,  but  either,  as  in  Holland,  the  sand  is  extremely  fine  or  (as  at 
Bamford)  the  water  is  known  to  be  but  slightly  subject  to  pollution,  or 
receives  additional  treatment.  Some  four  or  five  cases  occur  which  cannot 
be  explained  by  such  circumstances,  but  I  have  been  unable  to  ascertain 
whether  the  local  death-rales  from  typhoid  are  normal. 

Hazen  {Filtration  of  Public  Water  Supplies)  has  indicated  rules  for 
determining  the  head  consumed  in  forcing  water  through  sand  layers  of  varying 
thickness,  and  effective  size.  The  matter  is  treated  at  page  25.  The  subject  is 
not  important  in  filters,  since  the  rules  would  only  give  the  minimum  head 
required  before  the  Schmutidecke  was  formed,  and  under  such  circumstances 
the  filtrate  would  be  unsatisfactory. 

The  thickness  of  sand  adopted  in  typical  British  installations  is  tabulated 
on  page  329- 

Thickness  of  Gravel  Layers. — Modem  investigations  on  the  subject  of  filtra- 
tion have  shown  very  clearly  that  the  gravel  layers  exercise  no  purifying  action 
on  the  water.  The  gravel  layers  merely  form  a  sieve  to  retain  the  sand.  Thus, 
t^ieoretically  speaking,  since  the  diameter  of  the  void  spaces  between  grains 
of  sand,  or  gravel  of  fairly  uniform  size,  is  about  one-third  that  of  the  individual 
grains,  all  that  is  required  is  a  layer  of  gravel  underneath  the  sand,  the  effective 
sixe  (see  p.  25)  of  which  is  a  little  less  than  three  times  that  of  the  sand.  Thisi 
in  its  turn,  might  rest  on  a  layer  of  stil!  larger  gravel,  the  effective  size  of  which 
is  just  under  three  times  that  of  the  first  layer.  This  succession  of  layers  might 
be  continued  until  a  size  has  been  reached  which  cannot  enter  the  open  joints 
of  the  tile,  or  brickwork  drains. 

The  annexed  specification  is  a  very  fair  model  for  a  filter  suitable  for 
British  conditions. 

Depth  of  water  over  the  sand,  2-5  feet.  Thickness  of  sand  layer,  3  feet 
6  inches  as  a  maximum,  reduced  to  i  foot  8  inches  by  scraping. 

The  sand  should  have  an  effective  size  of  o'36  to  0*42  mm,,  and  a  uniformity 
coefficient  between  2"o  and  2'5  (see  p.  25),  and,  except  in  arid  waters,  should 
not  contain  more  than  0*5  per  cent,  of  carbonates  of  lime,  or  magnesium,  and 
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shonld  also  be  carefully  washed,  so  that  the  content  of  clay  ib  less  than  iy4  p*'' 
cenL  by  weight. 

A  layer  of  6  inches  of  gravel  should  be  laid  below  the  sand,  approximately 
Jth  of  an  inch  in  size  {Lt.  the  effective  size  should  Iw  about  0*04  inch),  < 
and  below  this  should  be  a  layer  6  inches  thick  of  fth-inch  gravel  resting  on  a 
s  layer  of  brick  drains  (Sketch  No.  141),  or  a  4inch  layer  of  |th-inch 


Sketch  No.  140.— Coveied  Filters  at  Albany. 


gravel  resting  on  a  5-inch  layer  of  i-inch  gravel,  in  which  4-inch  agricultural 
drain-pipes  are  buried,  these  being  spaced  not  more  than  15  feet  apart  (Sketch 
No.  140). 

The  specification  of  the  uniformity  coefficient  is  probably  unnecessary.  A 
high  value  of  the  uniformity  coefScient  indicates  that  the  grains  of  sand  vary 
considerably  in  size.  Thus,  when  the  uniformity  coefficient  is  lat^e,  the  void 
spaces  are  likely  to  be  smaller  than  is  usaally  the  case,  and  therefore  the  water 
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will  pass  through  the  sand  less  readily  than  is  indicated  by  the  eSecixve  siie  of 
the  sand 

Reference  is  made  to  this  matter  on  page  530.    What  is  required  in  fiitersand 

t  is  that  the  sand  shall  permit  water  to  pass  as  easily  as  i^  usual  in  a  sand  of 
similar  effective  size,  and  this  could  he  secured  Just  as  well  by  specifying  the 
percentage  of  voids,  as  the  uniformity  coefficient,  were  it  not  for  the  questions 
regarding- the  wetness  of  the  sand  and  the  amount  of  shaking  previous  to  the 
measurement  of  the  voids  which  a  litigious  contractor  might  raise. 

The  following  specification  appears  to  secure  all  that  is  really  required  : 

"The  sand  shall  contain  no  clay,  dust,  or  organic  impurities,  and  shall 
not  disintegrate  when  exposed  to  air  or  water. 

"  The  quantity  of  the  sand  in  which  the  grains  arc  less  than  0"i3  mm. 
(0*005  inch)  in  diameter  shall  not  exceed  i  per  cent,  by  weight,  and 
not  more  than  10  per  cent,  by  weight  shall  be  less  than  OTJ  mm, 
(©■oil  inch)  in  diameter.  At  least  10  per  cent,  by  weight  shall  be 
less  than  o'36  mm.  (say  0014  inch)  in  diameter,  and  at  least  70  per 
cent,  shall  be  less  than  1  mm.  (o'o4  inch)  in  diameter,  "  and  no  grains 
shall  exceed  5  mm.  (0-20  inch)  in  diameter." 

In  practice  this  specification  produces  the  following  results  : 

The  effective  size  of  the  sand  is  from  0-39  mm.  to  o'jz  mm.,  with  an  average 
of  o'3i  mm.  (o-oi2  inch).  The  uniformity  coefficient  is  2'2  to  25,  averse  2'J. 
and  the  void  spaces  are  about  40  per  cent,  of  the  total  bulk.  The  specification 
may  possibly  be  considered  likely  to  produce  a  sand  of  somewhat  smaller 
effective  size  than  is  generally  desirable.  The  water  was  known  to  be  more 
than  usually  turbid.  In  specifying  for  sand  to  be  used  to  filter  a  clearer 
water,  it  might  be  advisable  to  increase  the  o^^^  mm.  to  0'30  mm,,  and  the  0-36 
mm.  to  o'4o  nun. ;  but  the  properties  of  the  available  raw  material  must  be 
ascertained  before  drawing  up  the  specification. 

A  satisfactory  sand  can  probably  contain  a  percentage  of  carbonates  greatly 
in  excess  of  that  specified.  Many  good  filter  sands  contain  2,  or  even  3|  per 
cent,  of  lime  and  magnesia  carbonate ;  and  (see  p.  549)  in  some  filters  which 
treat  acid  waters,  carbonates  in  the  form  of  chalk  or  limestone  powder  are 
purposely  mixed  with  the  sand. 

The  variations  necessary  to  suit  local  conditions  are  obvious.  In  hotter 
climates,  a  greater  depth  of  water,  and  (in  view  of  the  liability  to  rupture  of  the 
Schmtitzdecke)  a  larger  thickness  of  sand  are  required. 

The  thickness  of  sand  specified  is  probably  sufficient  for  all  except  highly 
polluted  waters,  provided  that  the  Schmutzdecke  is  not  ruptured,  and  may  be 
reduced  under  more  favourable  conditions  than  those  usually  existing  in  Great 
Britain.  On  the  other  hand,  if  the  water  is  occasionally  very  turbid,  a  minimum 
thickness  of  3  feet,  or  even  3  feet  6  inches,  of  sand  may  be  required  to  permit 
of  the  water  being  satisbaority  filtered.  In  the  United  States  3  feet  usually 
suffices  during  periods  when  the  turbidity  is  as  high  as  125  parts  per  million, 
provided  that  the  tftrbidity  does  not  prevail  for  longer  than  two  or  three  days. 

It  must  be  pointed  out  that  each  layer  of  gravel  means  a  certain  extra  depth, 
and  the  real  object  merely  being  to  retain  the  sand,  the  thinner  the  whole  series 
of  layers,  tlie  belter.  Looking  at  the  question  from  this  point  of  view,  it  will 
be  evident  that  Sketches  No.  139  and  No.  140  show  somewhat  more  economical 
nteihods  of  retaining  the  sand  layer  llian  the  specification. 
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Sketch  No.  139  indicates  the  daUts  fiUraiiUs  (filtering  paving)  adapted  at 
Ivry  for  the  water  supply  of  Paris,  and  it  will  be  seen  that  a  depth  of  about 
8  inches  is  economised.  Gravel  can  also  be  saved  by  laying  the  Jateral 
drains  in  inverts  fonned  in  the  bottom  of  the  filter.  In  some  cases  the  laterals 
are  laid  in  small  trenches  formed  in  the  concrete  Iming.  So  tar  as  is  known 
the  system  is  satisfactory,  although  it  obviously  may  give  rise  to  difficulties  if 
the  rate  of  filtration  is  high.  The  drainage  system  specified  is  generally  suffi- 
cient for  veiociiies  of  filtration  up  to  4  million  gallons  per  acre,  or  1 5  feet  vertical 
per  twenty-four  hours.  If  higher  rates  are  proposed,  the  design  of  the  drain 
system,  and  the  thickness  of  the  lowest  layR'  of  gravel,  require  consideration, 
and  the  gravel  beds  must  be  made  deeper  and  the  drain  pipes  larger. 

According  to  Hazen  (Filtration  of  Public  WaUrSuppliss)  the  head  consomed 
in  forcing  water  through  the  gravel  to  the  drains  may  be  calculated  from  the 
formula  (see  p.  36) : 

Head  lost— ^^  distance  between  drains)*  x  rate  of  filtration  , 
iXaverage  depth  of  gravel  in  feetXi 

The  values  of  c,  are  as  follows  : 

VALUES  OK  c. 


Tmk  Rati  av  Filt; 


The  lateral  drain  pipes  a; 
more  than  m  feet  distant, 
missible  velocities  of  water  i 

I  Diuuelet  of  I'ipes. 


e  usually  spaced  about  16  feet  apart,  and 
Hazen  gives  the  following  table  of 
1  filter  drain  pipes  : 

Maximum  Velocity. 


30  feet  per  secoad. 
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These  fonnulie  may  seem  somewhat  unnecessary,  but  a  little  consideration 
will  show  that  the  low  velocities  are  adopted  in  order  to  equalise  the  total 
frictional  resistance  at  all  points  of  the  Ulter  bed.  It  will  be  plain  that  dose  to 
the  main  drain  outlet  the  resistance  to  the  passage  of  water  is  merely  that 
arising  from  percolation  through  the  vertical  thickness  of  sand  and  gravel ; 
while  at  a  point  midway  between  the  ends  of  the  ferthest  removed  laterals  the 
resistance  is  that  caused  by  the  vertical  thickness  of  sand,  about  9  feet  of  gravd 
(assuming  a  i6-feet  spacing  of  laterals)  and  pipe  friction  in  the  fiiU  length  of  a 
lateral  and  the  main  drain.  Even  with  such  low  velocities  as  are  above  specified, 
this  inequality  of  lesistance  (especially  when  the  Schmutzdecke  is  thin)  may 
give  rise  to  great  differences  in  filtration  velocity.  In  normal  working  the 
resistance  of  the  Schmutzdecke  is  usually  sufficient  to  produce  practical  equality 
in  filtration  rates,  but  the  apparently  unnecessary  size  specified  for  the  lateral 
and  main  pipes  is  now  known  to  ensure  a  rapid  attainment  of  the  normal  state 
of  affairs. 

In  large  filter  beds  each  lateral  is  sometimes  fitted  with  a  brass  "friction 
disc,"  in  order  to  equalise  frictional  resistances.  This,  however,  merely  cuts 
out  the  disturbing  influence  of  friction  in  the  main  drain,  and  introduces  certain 
constructional  complications.  Except  in  very  large  installations,  the  expense  of  a 
series  of  discs  of  various  sizes  is  hardly  justified  by  the  economy  effected  in  pipies. 

As  an  example,  when  a  certain  filter  is  working  at  its  maximum  rate,  the 
head  lost  in  the  main  drain  is  about  i  inch,  and  the  frictional  resistance  in  the 
sand,  before  the  Schmutzdecke  forms,  is  also  about  1  inch.  Thus,  the  rate  of 
flow  through  the  portion  of  the  filter  drained  by  laterals  entering  the  main 
drain  near  its  exit  will  be  about  double  that  through  the  area  drained  by  the 
laterals  entering  near  the  far  end  of  the  main  drain. 

A  brass  disc  containing  an  orifice  of  a  size  such  that  it  will  pass  the  quantity 
of  water  which  the  first  lateral  carries  under  i  inch  head,  is  inserted  at  the 
junction  between  the  first  lateral  and  the  miun  drain.  Similarly,  in  a  lateral  half- 
way along  the  main  drain,  the  orifice  is  calculated  so  as  to  pass  the  water  uitder 
half  an  inch  head,  etc. 

In  the  above  example,  the  mean  velocity  in  the  main  drain  is  VI  foot  per 
second.  It  is  plain  that  if  we  had  designed  the  main  drain  for  a  velocity  0'6 
foot  per  second,  the  i  inch  difference  would  have  been  reduced  to  i  inch,  and 
might  have  been  neglected,  but  the  main  drain  would  have  been  doubled  in  area. 
For  formuhe  for  the  loss  of  head  in  lateral  and  main  drains,  see  p.  613, 

It  will  also  be  plain  that  when  the  filter  has  been  working  for  some  weeks, 
and  the  head  lost  in  the  Schmutzdecke  and  sand  has  (owing  to  the  increased 
thickness  of  the  Schmutzdecke)  become  say,  i  foot,  the  friction  discs  have  no 
appreciable  influence  on  the  working.  For  this  reason,  both  friction  discs  and 
the  application  of  Hazen's  rules  are  frequently  regarded  as  unnecessary.  There 
is  a  good  deal  to  be  said  for  this  view,  but  the  period  which  elapses  between 
scraping  a  filter  and  delivery  of  a  bacterially  satisfactory  filtrate  is  a  critical  one. 
It  is  then,  and  then  only,  that  there  is  any  considerable  danger  of  impure  water 
entering  the  mains.  Any  small  expenditure  of  money  that  assists  the  supervisor 
to  reduce  this  period  is  well  spent,  and  devices  for  equalising  the  rale  of  flow 
through  the  various  portions  of  the  filter  area  are  the  one  obvious  assistance 
that  the  designer  can  give,  li  must  always  he  remembered  that  bacterial 
investigations  take  time,  and,  although  Houston  in  London  has  successfully 
solved  the  problem  of  indicating  dangerous  (or  rather  potentially  dangerous) 
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filtrates  oo  the  same  day  that  the  samples  are  received,  it  is  but  laiely  that  the 
supervisor  receives  any  bacterial  evidence  until  the  third  day  after  GltntioD. 
Thus,  in  practice,  filtrates  are  really  classed  as  safe  or  unsafe  by  turbidity  tests 
alone.  The  method  works  exceedingly  well  in  practice,  but  that  does  not  justify 
a  totaj  neglect  of  the  possible  danger  by  the  designer. 

A  study  of  the  proportions  of  modern  filters  indicates  that  a  sufficiently 
uniform  rate  of  filtration  over  the  whole  area  of  the  filter  bed  is  secured  if  the  head 
lost  by  friction  in  the  longest  path  through  the  under-draina  (t>.  in  the  &iU 
length  of  a  lateral  and  the  full  length  of  the  main  drain)  does  not  exceed  one- 
quarter,  or,  at  the  most,  one-third  of  the  head  required  to  force  the  water  from 
the  surface  of  the  sand,  through  the  sand  and  the  gravel,  to  a  lateral  drain 
before  the  sand  has  become  clogged  by  the  formation  of  the  Schmutzdecke. 


No.  141. — Brick  Fitter  Drains. 


Haien's  figures  (see  pp.  25  and  269)  may  be  employed  to  estimate  this  head. 

The  rule  is  merely  empirical,  and  in  actual  practice  the  time  that  elapses, 
and  the  thickness  of  the  Schmutzdecke  which  forms,  before  any  water  is  drawn 
off  for  use  in  the  town  mains  should  be  considered.  The  rule  is  valuable,  as 
unequal  rates  o|  filtration  will  probably  not  cause  trouble  in  a  filter  thus  pro- 
portioned unless  it  is  very  carelessly  handled.    Typical  actual  figures  are  ; 

The  head  required  to  force  water  throt^h  sand  at  the  commencement  of 
working  is  about  i\  inch  to  2  inches. 

The  head  lost  in  the  under-drain  is  ^hs  of  an  inch  to  ^  inch. 

It  will  be  evident  that  frictional  inequalities  are  greatly  minimised  by  stich 
drainage  systems  as  ihe  flooring  of  brick  or  tile  drains  generally  adapted  in 
England  (Sketch  No.  1^1)  ot  \hc  daliesJfUriitUei  vi,'^^  at  Ivry.  In  brick  or  tile 
floors,  however,  this  simplicity  is  gaiited  at  a  cost  of  an  extra  depth  of  3  to  7 
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inches  {accoidiag  as  the  pipe  drains  which  form  the  altematiTS  method  are,  or 
are  not,  sunk  below  the  general  floor  level). 

Among  other  details,  it  is  as  well  to  draw  attention  to  the  possibilitj'  <A  un- 
fittered  water  creeping  down  the  verticalfacesof  the  side  walls.  This,  I  consider, 
is  best  prevented  by  making  these  faces  rough,  i^.  of  rubble  masonry,  or 
unrendered  concrete. 

At  ivry,  a  circumferential  drain  (Sketch  No.  139)  is  constructed,  but  this 
appears  likely  to  provide  a  trap  for  stagnant  water,  and  possibly  reduces  the 
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Inlet   10  Filler 

Skbtch  No.  14a.— LondoQ  Filters  <rf about  189a 

efiective  area  of  the  filter  bed  Tbc  step  in  the  face  shown  in  Sketch  Na  142, 
is  usual  in  English  designs,  and  seems  to  be  equally  effective. 

The  danger  is  most  acute  in  covered  filters,  where  each  pier  prorkles  a 
possible  passage.  Onsequeutly,  in  such  cases  it  is  usual  to  stop  the  gravel 
layers  at  some  distance  from  the  piers  and  walls,  as  shown  in  Sketch  No.  140. 
This  appears  safe,  and  quite  unobjectionable,  except  that  sand  is  employed  to 
replace  the  less  costly  gravel. 

Working  of  Filters.— The  constitution  of  the  Schmutzdeche  and  Zooglea 
has  already  been  discussed.  The  fnnnation  of  the  Schmutidecke  <as  judged 
by  the  production  of  a  satisfactory  filtrate)  occupies  from  12  hours  to  3  days. 
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The  period  of  fonnatioii  depends  upon  the  quality  of  the  raw  water,  and  it  may 
usually  be  stated  that  a  sU^tly  turbid,  and  stHnewbat  polluted  irater,  favours 
the  rapid  growth  of  a  good  coating.  As,  however,  the  process  is  essentially 
biological  in  character,  the  temperature  of  the  water  and  the  weather  generally 
markedly  affect  the  process.  There  is  also  a  certain  amount  of  evideitce  to 
show  that  ripe  sand  (/a  well  coated  with  Zooglea)  has  a  favourable  influence. 
Once  the  coating  is  formed,  filtration  (accidents  apart)  proceeds  nonoally,  and 
regularly. 

It  will  be  found  that  the  head  necessary  to  force  water  through  a  filter  at 
the  required  rate,  increases  daily,  but  irregularly.  Finally,  the  necessary  head 
becomes  too  great  for  economy,  and  the  filter  has  to  be  cleaned.  This  is 
accomplished  by  removing  the  top  layer  of  sand.  Usually  a  depth  of  three- 
quarters  of  an  inch  is  found  safficient,  but  the  practical  condition  is  that  all 
sand  which  is  visibly  dirty  is  scraped  off  with  flat  spades  (see  also  p.  543). 

ftitish  niteriL— The  details  of  filters,  as  constructed  in  England,  are 
tnainly  usefiil  in  determining  the  depth  of  water  over  the  sand,  the  thickness  of 
sand,  and  the  size  and  thickness  of  the  upper  layer  of  gravel.  The  facts  are  not 
of  great  importance  in  the  case  of  the  lower  layers.  The  designs  are  by  rule  of 
thmnb^  and  t^ce  no  account  of  the  modem  investigations  into  the  rationale  of 
the  process,  which  show  that  the  siung  and  spacing  of  the  lower  layers  may  be 
very  badly  designed,  without  much  detriment  to  the  results. 

An  abstract  of  the  particulars  as  given  by  Baldwin  Wiseman  is  as 
follows  ; 

D,pik  ,/W,^r.-  {3;  "^  ■^■■»S  ^""'  "^l  '^  ^J5  '™- 

The  details  arc  as  follows  : 

3'o  feet ;  1  case         25  feet ;  5  cases  to  feet ;  7  cases 

i'75  feet ;  3  cases        i'5  feet ;  4  cases        1*43  feet ;  I  case. 
All  except  three  cases  lie  between  3*5  and  Co  feet. 

Sa)id.—Y'me  sand  is  used  in  26  cases.    The  maximum  thidcness  is  4  feet 
2  inches,  and  the  minimum  6  inches,  but  this  is  underlain  by  9  inches  of  j'gth-iDch 
gravel.     I  foot  6  inches  is  the  minimum  where  i^th-inch  gravel  is  not  also  used. 
Between  3  feet  6  inches,  and  I  foot  6  inches,  we  have  21  cases  as  follows  : 
3  feet  6  inches  ;  4  cases    3  feet  I  inch     ;  1  case      3  feet  o  inches  ;  5  cases 
2  feet  6  inches  ;  3  cases    2  feet  o  inches  ;  6  cases     1  foot  8  inches ;  i  case 
I  foot  6  inches  ;  2  cases. 
Gravel. — In  5  cases  the  sand  is  succeeded  by  : 

I  foot  9  inches  ;  in  3  cases        6  inches ;  in  2  cases 
of  ^th-inch  gravel. 

In  14  caies  sand  is  succeeded  by  Jtb-inch  gravel  of  the  following 
tbidmess : 

6  inches ;  in  6  cases        5  inches ;  in  1  case        4  inches  ;  in  1  case 
3  inches ;  in  i  case. 

In  I  case  by  3  inches  of  ftth-incb  gravel ; 
In  2  cases  by  i  foot  and  /j  inches  of  |lh-inch  gravel ; 
In  I  cases,  6  indies  of  ^inch  gnre) ; 
and  in  2  cases  the  sand  rests  direct  on  brick  drains. 
34 
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J^eglecting  abnonnal  cases,  the  usual  layer  below  the  sand  is  consequently 
6  inches  of  |th-Lnch  gravel.  This  is  generally  followed  by  6  inches  of  fdi-ittcb 
gravd,  or  in  some  cases  by  i  foot  of  fth-inch  gravel,  containing  drains. 

Cltaning. — The  aveiBgc  interval  between  cleanings  is  34  days,  the  actual 
figures  given  being  : 

7  to  21  days  in  1  case     10  to  iz  days  in  I  case     14  days  in  5  cases  , 
iS  days  in  I  case  21  days  in  2  cases  i\  to  \i  days  in  i  case 

24  days  in  t  case  28  days  in  4  cases  30  days  in  i  case 

31  days  in  i  case  42  days  in  4  cases  190  days  in  1  case 

365  days  in  1  case  : 
where  the  190  and  365  can  hardly  be  considered  as  good  practice. 

The  following  descripiion  of  the  sand  filters  used  by  Sandemann  at  the 
Derwent  Valley  reservoirs  represents  the  most  advanced  British  practice,  except 
in  the  thickness  of  sand,  which  is  less  than  usual,  owing  probably  to  the 
character  of  the  water  and  to  the  instaUation  of  d^groisseurs  (sen  p.  544).  Eacb 
filter  is  125  feet  >:  200  feet  in  area,  and  is  worked  at  the  rate  of  11  feet 
per  day,  , 

The  sand  layer  is  z  feet  thick,  and  is  reduced  by  scraping  to  1  foot  before 
replacement  of  sand  occurs.  The  sixes  of  the  grains  of  sand  are  specified  as 
follows : 

All  the  sand  passes  a  A*  '"<^''  circular  hole. 
70  per  cent,  passes  a  ^th  inch  square  hole. 
10  per  cent,  passes  a  r^tb  inch  square  bole. 
This  is  stat^  to  procure  a  sand  of  approximately  the  same  percolating 
properties  as  that  used  in  the   London  Alter    beds.    The  efDective    mt  is 
o'35  mm.=o'ai4  inch,  and  the  unifonnity  coefiicienl  about  2-5  or  less. 
Proceeding  downwards,  the  gravel  layers  are  as  follows  : 
3  inches   of  fine  gravel,  passing  a  j^th-inch   sieve,  and  retained  on  a 

I'^th-inch  sieve. 
3  inches  of  medium  gravel,  passing  a  i-incb  sieve,  and  retained  on  a 
^th-inch  sieve, 
'    9  inches  of  coarse  gravel,  passing  a  z-inch  sieve,  and  retained  on  a 

The  whole  of  the  area  of  the  filter  is  floored  with  bricks,  forming  i^-inch  by 
3-inch  drains,  9  inches  apart. 

The  central  drain  is  2  feet  square,  and  sunk  below  the  level  of  the  filter 
bottom.  ■  ■' 

Thus,  the  total  depth  of  the  iilter  is  6  feet  6  incheai  -  The  velocity  of  the 
water  in  the  central  drain  is  about  0*9  feet  per  second.  This  is  somevdut  less 
than  the  2  to  3  feet  per  second  which  is  usually  adopted  in  British  practice, 
when  the  filter  is  floored  with  brick  drains ;  but  it  appears  advisable  in  view 
of  the  thin  layer  of  sand  and  the  somewhat  high  rate  of  filtration. 

In  oldef  British  filters,  the  velocity  of  the  water  in  the  tile  dr^ns  was  often 
as  high  as  2  feet  per  second,  when  the  coarse  gravel  extended  to  6  inches  over 
the  top  of  the  drains.  This  is  probably  somewhat  high,  unless  the  water  passes 
through  the  gravel  as  well  as  through  the  tile  draios. 

The  following  figures  show  the  influence  which  the  cluracter  of  the  water 
has  upon  the  rate  of  filtration,  and  upon  the  frequency  of  cleaning.    The  figures 
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ufa  selected  from  filtration  plants  wtuch'  are  known  to  be  very  scientifically 
managed. 

At  Hambuig,  die  water  is  highly  polluted,  black,  and  muddy.  Thesedi- 
meiuation  basins  have  a  capacity  equal  to  four  days'  supply,  aad  the  water 
aftei  three,  or  occasionally  only  two  days'  sedimentation  is  filtered  at  the  rate 
of  4'9  feet  vertical  (i'33  million  gallons=t'6  million  U.S.  gallons  per  acre)  per 
24  houiE.  The  average  interval  between  scrapings  of  the  filters  is  about  18 
days,  the  maximum  being  50,  and  the  minimum  10. 

At  Berlin,  ca-dinary  clear  lake  water  is  passed  direct  on  to  filters,  and  is 
filtared  at  a  rate  of  7*9  feet  {2'I3  million  gBllons=2-56  million  U.S.  gallons 
per  acre)  per  34  hours.  The  filters  are  scraped,  on  the  average,  every  30  days ; 
the  maximum  period  being  So  days,  and  the  minimum  to  days. 

At  Zurich,  a  perfectly  clear  water  drawn  from  a  large  lake,  and  entirely  free 
from  sediment,  was  filtered  at  a  rate  of  23  feet  (6'25  million  galloi)5=7-5  million 
U.S.  gallons  per  acre)  per  24  hours.  -  The  average  pu-iod  between  scraping 
was  21  days,  the  maximum  being  47  days,  and  the  minimum  9  days.  Contrary  to 
usual  experience,  the  covered  filters  are  here  found  to  be  more  efiicient  than  the 
open  filters.    At  {KCsent  the  Zurich  water  is  treated  by  a  double  filtration  process. 

Fuertes  ( Wattr  Filtration  Works)  gives  for  the  gross  fJher  area : 


Where  n,  is  the  number  of  beds,  ' 

p,  the  ordinary  number  of  days  between  cleaning, 
e,  the  number  of  days  taken  to  clean  and  get  the  filter  into  a  fit 
condition  to  deliver  satisfactory  filtrate, 
and  -  I  represents  the  ar^a  which  would  be  required  if  the  filters  worked 

'  conttnnonsly. 

The  standard  size  of  individual  filter  beds  where  not  fixed  by  such  rules  as 
Burton's,  may  be  taken  as  about  200  feet  square  to  200  feet  x  2^  feet,  i>. 
approximately  o'9  to  I'l  acres  ;  i\  acres  being  about  the  maximum. 

According  to  Hazen,  the  total  quantity  thai  can  be  satisfactorily  passed 
through  a  filter  between  two  cleanings,  is  unaffected  by  the  rate  of  filtration, 
i^.  the  greater  the  raie,  the  sooner  the  filter  has  to  be  cleaned.  In  this. respect, 
the  working  of  the  filter  is  influenced  by  the  effective  size  of  tbe  sand,  and 
Hazen's  figures  may  be  taken  for  comparative  purposes  : 


Total  QuanlilV  of  "Water  Filtered  between 
successive  Cleanings  in  Million  U.S. 

Efiecdvesi 

■Gailoni  per  Acre.    : 

o"39 

79 

0-39     , 

70 

026 

S7' 

o'ao 

54 

0-14 

49 

0-09 
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The  absolute  interval  between  cleanings  is  entirely  dependent  upon  the 
weather  and  the  quality  of  raw  water.  Speaking  generally,  in  modemtely 
cold  weather  (English  winter)  a  filter  will  run  between  cleanings  about  three 
times  as  long  as  in  moderately  warm  weather  (English  summer).  In  flimatea 
where  the  seasonal  difference  is  more  marked,  as  in  India  and  China,  a  iMia 
of  6  :  I  is  not  uncommon. 

The  depth  removed  by  seizing  is  af!ected  by  the  weather,  but  is  more 
influenced  by  the  amount  of  turbidity  existing  in  the  raw  water,  aad  even 
more  so  by  the  effective  size  of  the  sand.  It  has  been  found  that  if  the  efiective 
size  greatly  exceeds  0*40  mm^  the  sand  becomes  dirty  to  such  a  depth  tbtt 
cleaning  is  troubleeome. 

Modem  filters  are  constructed  with  a  view  to  limiting  the  head  that  can 
possibly  be  utilised  in  forcing  water  through  the  filter.  I  consider  that  this 
is  a  mistake,  as  all  available  evidence  indicates  that  the  rate  of  filtration  alwie 
affects  the  working  of  the  filter,  and  any  head  that  can  be  apphed  has  no 
appreciable  result  in  ccmsoli dating  the  filter  sand.  Any  constriictional  limitation 
of  head  is  therefore  only  justified  when  extremely  careless  management  is  to 
be  apprehended,  and  it  would  appear  better  to  procure  a  good  manager  and 
give  him  every  facility  for  tiding  over  seasons  of  intease  demand. 

If  fresh  sand  be  placed  on  a  filter  bed,  the  effluent  is  unsatisfactory  for  a 
certain  period.  The  duration  of  this  period  is  increased  if  the  depth  of  fresh  sand 
placed  on  the  filter  increases  ;  and,  as  a  rule,  the  period  is  longer  when  the  sand 
is  raw  {i.e.  has  never  been  previously  used  in  a  filter)  than  when  the  sand  is  old 
and  ripe  (i.«.  sand  which  has  been  removed  from  a  filter  and  has  been  washed). 

In  practice,  as  already  stated,  engineers  are  accustomed  to  replace  sand 
only  at  long  intervals  (say  one  replacement  per  15  to  30  scrapings).  This 
entails  replacing  approximately  18  inches  depth  of  sand,  and  some  10  to  15 
days  may  then  elapse  before  the  effluent  is  satisfactory. 

Certain  experiments  at  Albany,  N.V.,  seem  to  indicate  that  this  period  is 
shortest  in  the  spring  months.  As  a  matter  of  practice,  it  has  long  been  tiie 
custom  in  England  to  replace  sand  as  far  as  possible  only  in  the  spring,  or  in 
the  autumn. 

Applicabillt;  of  Slow-Sand  Plhers.— The  above  description  cannot  be 
considered  as  a  complete  account  of  the  process  of  water  purification  by  slow- 
sand  filters. 

When  properly  worked,  a  slow-sand  filter  will  remove  a  lai^  proportion 
of  the  bacteria,  and  the  filtrate  will  pass  Koch's  lest,  and  will  be  satisfactory 
as  regards  such  matters  as  freedom  from  turbidity,  tastes,  colours,  and  odours, 
provided  that : 

The  water  which  enters  the  filters  : 

(n)  Does  not  contain  much  above  3000  baaeria  per  cc.  (counted  by  Koch's 
method) ; 

(f)  Is  fairly  free  from  turbidity,  especially  from  that  produced  by  very 
minute  particles,  i.^.  diameters  less  than  say  0*0005  inches.  Definite  figures 
applicable  to  all  cases  cannot  be  given,  since  the  larger  particles,  although 
^ecti/e  in  producing  turbidity,  have  but  little  effect  on  the  working  of  the 
filter ;  but,  as  a  rule,  the  limits  may  be  staled  as  foUows : 

A  water  containing  1 25  parts  per  million  of  turbidity  causes  trouble  at  once, 
and  the  fillers  require  to  be  cleaned  if  the  .turbidity  exceeds  50  parts  per 
million  for  more  than  36  hours. 
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if)  Is  neither  very  deeply  colouted,  nor  markedly  affected  by  tastes  and 
odours. 

It  will  therefore  be  plain  that  very  few  natural  sources  exist,  other  thaa 
springs  or  wells,  which,  during  the  whole  year,  yield  a  water  which  can  be  at 
once  passed  on  to  a  slowsand  filter  with  the  assurance  that  a  satisfactory 
filtrate  will  be  obtained  by  slow-sand  filtration  alone.  Therefore,  in  practice,  it 
will  be  found  that  a  process  of  sedimentation,  or  some  other  form  of  preliminary 
treatment,  invariably  precedes  slow-sand  filtration.  Sedimentation  is  effected 
either  in  special  sedimentation  basins,  or,  in  cases  where  the  water  supply  is 
drawn  from  a  reservoir,  storage  in  the  reservoir  itself  forms  a  very  efficient 
sedimentation. 

The  result  of  sedimentation  is  twofold : — 

(i)  The  suspended  matter  sinks  to  the  bottom  of  the  basin,  or  reservoir,  and 
the  turbidity  is  consequently  redticed.  The  rate  at  which  this  action  goes  on 
can  be  calculated  when  tbe  siies  of  the  panicles  producing  turbidity  are  known. 
The  results  are  not  of  great  importance,  as  that  portion  of  turbid  matter  which 
is  prejudicial  to  filtration  is  composed  of  such  extremely  small  particles  that 
their  deposition  would  only  be  effected  in  periods  of  time  measured  by  months 
at  years,  and  the  benefits  of  sedimentation  are  really  due  to  the  foil  of  the 
larger  particles  which  carry  with  them  (mechanically  caught)  a  portion  of  tbe 
extremely  fine  particles.  Ronghty  speaking,  panicles  exceeding  0*0005  inches 
in  diameter  will  settle  to  the  bottom  of  a  still  water  basin  10  feet  deep  in  less 
than  three  hours,  and  would  therefore  be  deposited  in  any  sedimentation  basin 
with  the  least  pretensions  to  efficiency.  Particles  of  one-tenth  this  sisc  (1.*. 
tuder  0'oooo5  inches  in  diameter)  will  remain  suspended  for  at  least  300  hours, 
and  will  not  therefore  be  deported  in  any  sedhnentation  basin  of  practical  size 
unless  they  are  entangled  and  carried  down  by  larger  particles.  Regarded 
from  this  point  of  view,  it  will  be  obvious  that  in  many  cases  the  more  turbid 
the  water  originally,  the  better  the  relative  improvement  that  may  be  expected 
from  a  short  period  of  sedimentation.  The  reasons  for  the  addition  of  artificial 
turbidity,  as  sometimes  practised,  consequently  become  obvious. 

(ii)  The  heavier  sediment  also  carries  down  bacteria,  and  therefore  sedi- 
mentation reduces  tbe  number  of  bacteria  which  remain  to  be  removed  by  the 
fiileis. 

(iii)  Storage  and  sedimentation  hare  also  certain  beneficial  effiK:tB  on  the 
coloration,  taste,  and  odour  of  water,  but  cannot  be  considered  as  effective 
mnediea  when  these  are  marked. 

It  will  consequently  be  evident  that  slow-sand  filters,  combined  with  more  or 
less  efficient  sedimentation,  prodoce  a  satisfoctory  filtrate  in  such  cases  as  are 
usual  in  England,  France,  or  Germany.  The  foctor  mainly  determining  the 
quality  of  the  water  in  the  above  countries  is  its  bacterial  content.  The 
geological  structure  of  these  countries  is  such  that  their  waters  very  rarely 
contain  an  excessive  anxnnt  of  extremely  fine  turbidity,  and  the  climate  being 
temperate,  coloration  (excluding  that  produced  by  peat),  and  tastes,  or  odours, 
ai«  rsrdy  so  mailed  diat  anything  worse  than  lempotary  inconvenience  arises. 

In  cotmtries  such  as  tbe  southern  United  States,  which  have  not  recently 
(geologically  speaking)  been  exposed  to  glacial  action,  the  waters  are  frequently 
laden  with  extremely  fine  particles,  which  remain  undeposited  after  any  reason- 
able period  of  natural  sedimentation,  and  therefore  processes  of  ooagulatic^ 
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In  climates  hotter  than  those  of  Northern  Europe,  tastes,  odoors,  and 
colours  often  manifest  themselves  to  a  marked  degree,  and  special  methods 
aierequired  fot  their  removal. 

The  various  processes  can  therefore  best  be  illustrated  by  first  coasidcring 
natural  sedimentation  (p.  SJo).  It  diould  be  remembered  that  the  asnal 
British  reservoir  with  a  valve  tower,  enabliug  water  to  be  drawn  olT  from 
various  levels  at  will,  forms  a  very  efGcient.  sedimentation  basin.  Such  cases 
require  no  further  discussion. 

The  above  statements  explain  the  principles  usnally  accepted  conceniin? 
sedimentation  or  stora^  basins.  According  to  Houston  (a  very  excellent 
precis  is  found  in  the  Report  of  the  London  Water  Examiner  for  1910), 
systematic  storage  is  the  only  absolutely  certain  method  of  securing  a  water 
wfaich  is  bacterially  safe,  if  the  raw  water  contains  large  nnmbers  of  cxcre- 
mental  bacilli-  Since  sand  filters  do  not  apparently  exercise  a  selective  action 
on  pathogenic  bacteria,  but  merely  reduce  the  number  of  all  the  species  of 
bacteria  present  in  the  water,  in  about  equal  proportions,  it-  is  plain  that  if  one 
individaal  pathogenic  bacillus  can  cause  infection,  drinking  the  effluent  from  a. 
filter  which  secures  a  rednctioo  of  99  per  cent,  in  bacteria  is  the  same  thing  at 
drinldng  a  mixture  of  one  part  of  the  raw  water  with  100  parts  of  sterilised 
water.  According  to  this  line  of  reasoning,  therefore,  the  only  way  to  insure 
safet^/'is  to  destroy  the  pathogenic  bacteria  before  filtration.  Houston's  tests 
prove  that  storage  for  about  30  days  does  effect  this  in  the  case  of  Thames 
water  (see  p.  552).  Houston  therefore  considers  storage  as  a  necessary  pre- 
Kminary  to  the  slow-sand  filtration  of  polluted  waters. 

The  following  deductions  may  be  made  : 

{a)  The  reduction  in  the  number  of  bacteria  previous  to  filttation  secured 
by  storage  can  generally  be  attained  more  cheaply  by  other  treatments. 

{6)  Houston's  own  experiments  prove  that  it  is  extremely  improbable  that 
the  typhoid  bacillus  exists  in  the  polluted  raw  water  in  such  quantities  that 
infection  (even  if  produdble  by  one  bacillus)  would  result  from  consuming  the 
raw  water  in  dilutions  of  i  :  100,  provided  that  substances  capable  of  supporting 
the  life  of  the  pathogenic  bacilli,  were  removed  from  the  mixture. 

(f)  Slow-sand  filtration  apparently  does  remove  these  substances. 

The  report  deserves  careful  study,  and  is  encouraging,  as  showing  that 
storage  and  sedimentation  are  more  effective  than  was  generally  believed  to  be 

On  the  other  hand,  the  report  has  greatly  strengthened  my  personal  views 
concerning  the  inadequacy  of  slow-sand  filters,  when  unassisted  by  any  other 
process,  in  producing  an  absolutely  safe  filtrate  from  water  originally  highly 
polluted,  except  when  the  water  has  been  drawn  from  a  storage  reservoir.  The 
general  excellence  of  the  water-borne  disease  death-rates  in  British  towns  has 
always,  in  my  opinion,  been  an  indication  not  so  much  of  the  efficiency  of  slow- 
sand  filters  per  se,  as  of  their  fitness  for  treating  stored  or  sedimented  water 
(see  also  pp.  519  and  $52). 

Practical  Details. — The  practical  detsdls  of  filter  design  arc  mostly 
concerned  with  questions  affecting  the  water-tightness  of  the  walls  and  bottom 
of  the  fitter.  This  is  usually  secured  by  a  puddle  wall  and  base  surroundiag 
the  whole  filter,  as  shown  in  Sketch  No.  145  (which  is  a  sedimentation  basin). 
It  is  extremely  doubtfiil  whether  such  filters  are  ever  entirely  water>tight, 
except  for  a  lev  years  after  construction,  although  the  puddle  and  sand  that 
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fill  any  cracks  wbkh  may  form  m  the  puddle  layers  pfol»bly  fbrm  a  filter  raid 
piovide  a  very  effective  shield  against  the  entrance  of  any  polluting  matten 
The  construction  is,  however,  radically  bad,  if  the  subsoil  water  level  is  abova 
the  bottom  of  tbe  filter,  as  tbe  puddle  is  exposed  to  variaUe  Loads  (owing  to.  the 
alteration  in  weight  produced  wh«i  water  is  let  into  or  drawn  out  of  the  filter)^ 
aodi  the  concrete  or  masonry  woric  will  certainly,  and  the  puddle  work 
probaUy,  crack. 

Sketch  No.  143  sho,ws  a  design  with  asphalte  or  bitumen  as  a  water-proofing, 
material,  which  produces  less  noticeable  cracking,  and  which  probably  remains 
water-tight,  but -which  does  not  afford  such  an  effective  protection  against 
poUtttiort-shoaJd  cracks  .Dccuc  The. lowest  level  of  tbe  tilter  should  .therefore 
be  well  abavetbe  snbsoil  water  level.  It  will  be  nctticed  that  the  asphalte  layer 
lies  on  6  inchcfi  of  concrete,  and  is  covered  by  \i  inches  of  the  same  material. 
This  affords  greater  security  against  leakage  into  the  filter  than  the  alternative 
designs  where  the  top  layet  is  t-bioner  than  the  under  layer,  Each  layer  of 
concrete  should  be  laid  in  squares,  approidinately  10  feet  by  10  feet,  or  12  feet  by 
iz  feet,  aad  the  interstices  between  these  squares  should  be  filled  in  with 
sayftbs  of  an  inch  of  asphalte.  The  squares  in  the  two  layers  should  bceak 
joint,  so  thai  the  angle  of  each  square  in  the  upper  layer  lies  vertically  above 
the  centte  of-a  square  in  the  lower  layer.  Tbe  side  walls  should  have  expansion 
joints  at  internals  of  20  feet,  and  the  joints  nearest  the  comers  of  the  filters 
shoold  be  provided  with  steel  plates.  It  is  believed  that  these  precautions 
will  secure  a  water'tight  filter.  In  London  filters  are  usually  surrounded  by 
a  pud)d)e  wall. carried  down  to  unite  with  an  underlying  clay  slratism,  and 
the  included  area  is  pumped  dry  during  construction.  Wb«n  looal  circum^ 
stances,  permit,  this  forms  an  ideal  solution  of.  the  problem.  In: some  cases 
the  filters  are  built  on  the  top  of  clear  water  reservoirs.  Space  is  thus 
economised,  and)  if  clear  water  reservoirs  of  such  a  size  are  really  required, 
the  combination  is  economical.  Tbe  danger  of  pollution,  however,  is  not 
appreciably  minimised,  since,  although  tbe  filters  to  a  cert^i)  extent  shield 
the  bottom  of  the  clear  water  reservoirs  from  changes  in  temperature,  crackinjj 
is  known  to  occur  unless  the  precautions  already  indicated  are  taken.  Tbe 
practice  of  supporting  the  filters  on  sedimentation  basins  is  a  very  eicdlent 
solution  as  regards  any  danger  of  pollution,  but  it  obviously  entails  an  additional 
complication  in  the  pumping  machinery,  .  Further,  tbe  power  empkiycd  in  lifting 
Wfter  through  so  small  a  height  as  12  or  16  feet,  is  tmcconomically  expended. 

SaUd  Washing  Appara  tus. — As  already  stated,  after  a  filter  has  been  at 
work  for  some  time,  the  sand  grains  become. coated  with  Zooglea,  and  aucb 
sand  produces  better  filtration  results.  When  the  sand  removed  from  a  filter  is 
washed  to  cleanse  it  from  dirt,  a  certain  amount  of  this  coating  is  removed,  and 
this  removal  is  the  more  marked  the  longer  the  sand  remains  absient  from  tbe 
filter.  Nevertheless,  the  general  experience  of  water  wprks'  engineers  is  that 
the  use' of  tdd,  washed  sand  (ripe  sand)  is  advantageous,  and  it  is  only  in  very 
special  circumstances,  where  fresh  sand  is  cheaply  obtainable,  that  the  washmg 
of  dirty  filter  sand  caii  be  dispensed  with,  although  (as.  will  later  be  seen)  the 
cleansing  of  freshly  dug  natural  sand  from  dirt  is  a  far  easier  process,  -      j  .  ,  ; 

The  simplest  method  of  washing  filter  sand  consists  in  hosing  it  while  lying 
on  a  concrete  or  brick  platform.  The  lighter  dirt  is  carded  away  by  the 
Mtlaptng  water,  and  with  care  and  a  sufficiency  of  water,  good  results  are 
obtainable.    The  method  is  costly  in  labour,  and  entails  a  large  expenditure  of 
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w»ter,  and  is  therefore  only  adviaible  in  very  small  installations  where  the  total 
qnantky  of  sand  to  be  washed  is  so  small  as  to  preclude  ttie  economical  use  of 
machinery. 

Machines  for  washing  sand  are  generally  divided  into  two  classes,  which 
may  be  called  the  "  Trough,"  and  "  Ejector"  types. 

In  the  first  class,  the  sand  is  passed  along  a  trough  by  means  of  a  syttem  of 
paddles  or  screw  conveyers,  and  is  washed  by  a  current  of  water  pauing  in  the 
opposite  direction.  Machines  of  this  type  consume  but  little  water  compared 
with  the  ejector  types  ;  and  further,  the  water  is  not  delivered  at  a  high  prOMtuc 
On  the  other  hand,  the  rotary  paddles  or  conveyers  consume  a  certain  amount 
of  power,  and  although  the  actual  nett  power  may  be  IcM  than  that  expended 
in  pumping  the  water  under  pressure  that  is  usod  in  ejector  washers,  it  is 
generated  by  small  and  inefficient  machines,  intermittently  woriced,  and  the 
gross  power  expended  (in  the  form  of  coal  bnnit,  etc)  may  easily  exceed  that 
necessary  to  pump  the  quantity  of  water  consumed  by  the  ejectors.  The  txe  of 
trough  washers  is  therefore  only  advisable  when  economy  in  filtered  water  b 
desired,  and  especially  in  cases  in  which  filtered  water  under  preMure  is  not 
required  for  other  purposes  {t.g.  in  a  gravity  distribution,  where  no  pumi»ng  is 
done  at  the  filtration  works). 

In  ejector  washers,  the  sand  is  lifted  (usually  six  to  seven  times)  by  water 
under  pressure.  The  washing  is  eflfected  by  the  water  carrying  the  dirt  forward 
faster  than  the  sand,  which  is  caught  in  troughs  or  boxes.  These  are  usually 
provided  with  internal  irregularities  to  break  up  and  disperse  the  dirt  while 
coUecting  the  heavier  sand.  It  will  be  noticed  that  in  these  machines 
relatively  clean  water  acts  on  ciMnpaiatively  dirty  sand,  whereas  in  trongfa 
.  machines  the  cleaner  water  acts  on  the  cleaner  sand.  It  is  tberefbre  sot 
surprising  that  all  ejector  washers  consume  more  water  per  cube  yard  of  sand 
than  the  trough  type.  On  the  other  hand,  ejector  washers  can  easily  be 
combined  with  a  [»pe  system  for  conveying  the  mixture  of  sand  and  water  to 
any  required  point,  and  especially  where  portable  ejecioia  ore  used  for  lifdng 
the  sand  out  of  the  filler  beds,  the  large  amount  of  wheel-barrow  work  entailed 
in  conveying  the  dirty  sand  to  the  washers  is  dispensed  with.  Also  in  cases 
where  the  water  is  dtstriboted  by  pumping,  the  power  consumed  is  very  cheaply 
obtained,  and  in  view  of  the  large  excess  over  the  normal  pump  horse-powei 
that  must  in  any  case  be  provided  in  order  to  supply  the  demands  caused  by 
hot  weather  or  fires,  it  is  unnecessary  to  debit  the  sand  washing  with  any  charge 
for  an  extra  investment  in  pum{Hng  machinery.  It  is  therefore  probable  that, 
except  in  purely  gravity  distributions,  the  ejector  process  always  proves  the 

The  design  of  the  ejectors  and  communicating  pipes  was  very  caiefiiUy 
considered  in  the  case  of  the  Washington,  D.C.,  fillers,  and  the  problem  of 
using  clean  water  to  act  on  clean  sand  seems  to  have  been  partially  solved, 
while  the  minutis  of  the  process  have  been  so  carefully  considered  that  an 
abstract  will  prove  usefiil. 

Ejector    Sand    WAsagxs.  —  The    problem    involved    includes    three 

(i)  The  sand  has  to  be  mixed  with  water  in  order  to  form  a  quasi- 

fluid  -mass, 
(ii)  This  fluid  mixture  has  to  be  lifted  up  and  driven  along  ^pos  by  the 

eiKrgy  of  the  water  issuing  from  the  ejectors^ 
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(iii)  Sinnltatieoutly  witb,  and  after  the  above  process,  the  saiid  miut  be 
washed,  and  later  when  the  wuhing  ii  complete,  the  sand  must 
be  separated  fronntbe  dirty  mter. 
The  Washington  expepments  of  Huen  and  Hardy  {TroHs.  Am.  Soc.  of 
C.E.,  vol.  57,  p.  jpff)  seem  to  completely  answer  all  questicms. 

It  is  ftund  that  process  (i)  is  best  effected  by  sbovdhng  the  sand  into  a 
hopper  the  aides  of  which  slope  at  i'8  :  i,  with  the  ejector  chamber  bolted  on 
to  the  bottom,  as  shown  in  Sketch  No.  143.  At  the  bottom  of  the  ejector 
chamber  an  auxiliary  water  supply  is  introduced,  which  produces  a  slow, 
upward  cDTTent  of  water  through  the  sand  in  the  hopper,  and  thus  transforms  it 
into  a  quicksand  In  this  way  it  is  found  that  the  sand  is  more  readily  moved 
by  the  ejectors  than  if  (as  is  usually  the  case)  it  is  sprayed  with  water  under 
pressure  from  above 

(ii)  The  proportions  of  the  ejector  are  of  great  importance. 

% 
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MJli  imerlljiaor. 
Skxtch  No.  143. — Washington  Ejectors,  and  Raw  Sand  Washer. 
As  is  indicated  in  the  theoretical  treatment  of  the  question  (see  p.  819),  the 

Area  of  jet  orifice *  =  i 

Areaof  throat  of  ejector  cone"  Of  ^'''     *"' 
is  of  cardinal  importance. 

The  best  value  of  J,  increases  as  the  total  lift  (including  friction)  increases. 
Calculating  the  ratio  for  new,  unworn  cones,  we  have  as  follows  : 
For  merely  shifting  sand  along  a  short  length  of  pipe, 

.  with  a  static  Uft  of  3  to  4  feet    .        .        ,  J  =  0*34 

For  the  lifting  ejector,  static  lift  about  36  feet     .        .        J  =  048 
For  the  movable  ejector,  the  static  lift  being  about 

to  feet  but  with  lengths  of  pipe  up  to  100  feet .        J  =  059 
The  laigei  the  throat  (ly.  the  smaller  J)  the  more  sand  that  can  be  shifted, 
but  the  pressure  at  D,  the  entrance  10  the  pipe  (see  p.  Sao)  measured  in  lbs.  per 
square  inch,  decreases  steadily,  and  is  approximately  proportional  to  — . 
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Since  the  above  ratios  are  found  belt  for  [«acrical  tvork,  the  ratios  which 
wouJd  be  obtained  by  theoretical  treatment  of  ihe  question  correspond  to  a 
somewhat  worn  throat,  and  are  probably  some  5,  to  10  pet  cent,  less. 

The  batter  of  the  diverging  discharge  cone  DEj  is  fpund  to  have  a  large 
influence  on  the  working,  and  the  best  resuUs  are  obtained  with  a  batter. of 
\  :  22,  although  in  the  lifting  ejector  (Case  II  above)  1  1  14  is  used  Id  order  to 
save  space,  and  in  earlier  designs  <such  as  at  Albany,  and  Philadelphia)  fair 
results  were  secured  with  a  batter  of  1 1 6. 

Hazen  aud  Hardy  detine  as  follows  : 
.     The  efficiency  of  an  ejector  is  the  ratio  between  the  pressure  of  the  jet  and 
the  pressure  at  the  discharge  of  the  ejector.    That  is  to  say  : 

^  H,->Sf,  ~ 


The  efficiency  = 


f .  say. 


where  Hj,  is  Ihe  absolute  pressure  at  the  base  of  the  discbarge  cone  of  the 
ejector,  or  the  cross  section  03,  in  the  theoretical  investigation  (see  p.  822). 
Haien  and  Hardy  also  put : 

_  Total  discharge  through  ejector  pipe      av-Vcu 
"  Discharge  of  jet  <xv 

The  relation  between  q,  and  ij,  for  a  given  value  of  J,  is  very  approximately 
linear,  and  hence  the  value  of  ij  can  be  calculated  from  the  figures  tabulated 
below,  which  are  obtained  by  scaling  from  the  original  diagrams. 


J- 

1  torf  =  l. 

,for?  =  2. 

q,  for  best 
working. 

Remarks. 

o*S4 

0-48 

o..e 

i-8(?) 

Cone  is  of  the  Venturi 
form,  batter  i :  ai. 

o'6o 

0-41 

o-oo 

1-45 

Philadelphia  form  of 
cone,  ie.  dischai^e 
batter  i :  6. 

0-36 

0-07 

Batter  i :  22. 

0-49 

0-30 

006 

?  . 

Rough  cone,  batter 
1 :22. 

038 

0'20 

0-085 

Batter  1:22. 

036 

0-21 

0090 

•>        » 

0-Z7 

012 

o-o6 

2'00 

»        >i 

0-25 

o-io 

»'055 

»        II 

0-.1. 

o-o6 

0-04 

" 

The  best  point  for  practical  working  is  obtained  when  the  product  ^,  is  a 
maximum,  and  is  given  in  Column  4. 

The  percentage  of  sand  is  not  specified,  but  seems  to  have  but  little 
influence  on  the  vahics  of  ij. 

The  flgures  are  not  well  adapter^  M  test  the  theory  of  the  apparatas,  but 
are  obviously  very  well  fitted  for  practical  purpdses.  '  H*,  is  not  accurately 
stated,  but  Ho— Ah  the  pressure  of  the  ejector  water,  ivas  approximittely  90  lb. 
per  square  inch,  or  210  feet  head  of  water. 
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In  driving  the  mixed  sand  and  water  through  pipes,  certain  conditions  must 
be  fulfilled.    The  cxperirtiental  refiolls  are  as  follows : 

Taking  V,  as  the  average  velocity  of  the  mixtnre  of  Sand  and  water  in  the 
pipe,  i.e,  : 

area  of  pipe  section  ' 

If  V  is  less  than  2  feet  per  second  :  the  sand  drops,  and  the  pipe  "  silts  solid." 

V  =  3*5  feet  per  second  :  the  flow  proceeds  irregularly,  and  is  sometimes 

maintained,  and  is  sometimes  stopped  by  "  silting." 

V  =  3  feet  per  second  :  stoppages  by  "  silling  "  almost  cease. 

V  =  4  feet  per  second,  and  over :  the  flow  is  nearly  as  steady  as  for  pure 

water,  but  the  frictional  resistance  is  far  greater. 

Since  these  results  were  obtained  on  pipes  which  were  3  inches  and  4  inches 
in  diameter,  our  present  knowledge  of  hydraulics  justifies  the  Statement  that 
they  will  not  be  found  to  hold  without  correction,  in  pipes  which  arc,  let  us  say, 
9  or  12  inches  in  diameter. 

In  practical  operation,  the  sand  and  water  taken  up  by  the  jet  increase  the 
volume  by  one-third  {i.e.  q  —  i'33),  so  that  V,  may  be  considered  as  four-thirds 
of  the  velocity  given  by  considering  the  volume  of  water  discharged  by  the  jet, 
and  the  mi>rture  in  the  pipe  is  about  75  per  cent,  waterj  and  25  per  cent.  sand. 
The  percentages-  of  sand  are  calculated  witbout  reference  to'  the  iact  that  the 
sand  has  about  40  per  cent,  of  void  spacet,  so  that  theoretically  [he  r^tio  :  - 
Water :  Sand  grains, 

is  about  85  :  15,  assuming  that  the  sand  contains  40  per  cent,  voids. 

Such  excellent  results  are  only  attained  by  carefully  following  the  Washington 
rules.  At  Philadelphia,  die  best  results  appear  to  have  been  about  82  per  cent, 
of  water  to  18  per  cent,  of  sand,  and  this  was  attained  with  J  =  o'3o,  and  the 
j;et  orifice  i|  inch,  away  from  the  throat.  To  judge  by  the  Philadelphia 
results,  this  distance  has  but  little  eftect  upon  the  efficiency.  The  Washington 
experimenters  seem  to  have  kept  it  constant  at  about  2^  inches,  when' J  =  o'Sg, 
and  at  about  3  inches  when  J  =  o-33. 

The  frictional  resistance  of  the  pipes  appears  to  vary  very  nearly  as  V,  when 
the  percentage  of  sand  is  constant.  Tlie  table  at  top  of  p.  540  is  scaled  from 
Hazen's  diagrams,  and  it  is  known  that  the  effective  size  of  the  sand  influences 
the  results. 

Comparison  with  the  Philadelphia  results  given  in  the  discussion  of  Haien'g 
papier  seems  to  indicate  that, the  form  of  the  injectors  has  some  influence  on 
the  velocity  at  which  the  sand  packs ;  but  the  friction  \s  ipuch  the  same  is 
both  cases. 

The  effective  size  of  the  sand  used  was  about  o'4o  mm.' 

Some  very  accurate  .experiments  were  made  by  Miss  Blatch  {ut  supra, 
p.  406)  on  the  motion  of  sand  in  i-inch  pipes,  and  are  compared  by  her  with 
less  accurate  figures  for  32-inch  pipes. 

It  would  appear  that  while  Hazen's  table  is  sufSciently  accurate  for 
practical  necessities,  the  correct  law  of  friction  is  more  complicated.  Apparently, 
for  ^ocilies  which  are  less  than  those  given  in  the  column  headed  "  Velocity  at 
which  Flow  becomes  steady,"  the  resistance  for  a  given  percratage  of  sand  is 
independent  of  tl^e  velocity,  and  is  approximately  constant,  and  equal  to  that 
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s  for  V=4  Feet 

if(aV=6F«M 

^forV-SFwi 

per  Second. 

per  Second. 

per  Second. 

K«i«ter    of 
Pipes          . 

3  Inch. 

4  Inch. 

3  Inch. 

4  Inch. 

3l«Ji. 

4ln<i. 

Perceotan  of 

35 

0-144 

0137 

0-173 

0-157 

30 

0-130 

o"3 

0-158 

0141 

as 

0113 

0-141 

0-127 

0177          0-154 

20 

0-098 

0-093 

o-it6 

0-163          O-ni 

'S 

©•084     1    0-078 

0-tI2 

0-097 

0-146          0-123 

0-070     1   o'o63 

0-097 

0-082 

0-I33        0-I08 

5     . 

0-054     1   0-047 

0-082 

0-067 

0-II7     !   0-093 

Whei 

Friction  head  in  feet  of  w.tet 

"''-             Ungthofpipe 

which  is  observed  at  the  velocity  of  "  steady  flow."  For  velocities  which  exceed 
that  of  steady  flow,  the  loss  of  head  is  very  well  represented  by  the  equation  : 

Loss  of  head  for  a  mixture  of  sand  and  water=  Loss  of  head  for  pure  water 
at  the  same  velocity + a  constant  x  percentage  of  sand. 

For  sands  which  are  carefully  sifted  so  as  to  consist  of  grains  which  are  all 
approximately  equal  in  size,  this  law  ceases  to  Hold  at  velocities  which  are  but 
slightly  greater  than  that  at  which  steady  flow  begins;  but  for  sands  with 
grains  of  varying  sizes,  such  as  occur  in  Nature,  the  law  holds  up  to  the 
velocities  given  in  Column  5  of  the  table  below.  For  greater  velocities,  the 
resistance  appears  to  be  far  in  excess  of  that  observed  in  the  flow  of  pure 
water.  This  last  result  does  not  agree  well  with  the  experiments  of  Merciyng 
{CompUs  Retidus,  1907,  p.  70),  who  finds  only  small  differences  between  the 
resistances  for  pure  water  and  water  carrying  11  to  19  per  cent,  of  sand  in  a 
clean,  steel  pipe  15  inches  (0-38  metre)  in  diameter,  at  velocities  ranging  fioiD 
to'5  to  12-7  feet  per  second. 

The  following  table  is  useful : 


DUmeter 

Value  of 

ConBtant 

when  Pipe  U 

1000  Feet 

long. 

VelodtieB  in  Feet  per  Second. 

When  Flow  begins 

but  is  often  Hocted. 

Resiitance^ReMt- 

«ic«  at  Velocity 

in  Column  4. 

When  Flow  U 
steady.  Law 

hoW.^° 

When  all  Sud 

is  in  Suspension 

and  U»  ceases 

to  hold. 

I 

3to4 

3a 

9-6  feet 
3       „ 
'■a    „ 

'■«5 
6  to  7 

3-S 

4 

9 

8  to  9 

Notobsored 

14 
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Tbe  size  of  the  sand  is  of  importance. 

llie  above  results  refer  to  sand  of  about  0*33  10*0*50  mm.  in  effective  siie 
ifmy  (ytM3  to  0*034  inch  mean  diameter).  Miss  Blatch  finds  for  graded  sand 
moving  in  a  smooth  brass  pipe  one  inch  in  diameter,  that : 

I.  For  sand  whicb  passes  a  sieve  of  20  meshes  per  lineal  inch,  and  rests  on 
one  of  40  meshes  per  lineal  inch,  the  constant  given  in  Column  2  above  is 
abont  7'8  feet  per  1000  feet 

II.  For  sand  that  passes  a  60-meah  »eve,  but  is  retained  by  a  loomesh 
sieve,  the  constant  is  approximately  3'6  fact  per  1000  feet. ' 

iVASHiifG  OF  THE  Sahd. — There  are  many  types  of  washer.  As  a  general 
rale,  (be  sand  b  lifted  3  or  4  feet,  and  is  swept  along  a  horiwntal  trough,  wher« 
it  drops  and  is  collected.  The  water  escapes,  carrying  the  dirt  with  it.  Thus, 
aix  or  seven  repetitions  of  the  process  are  not  unusual.  The  best  method  is 
that  adopted  at  Washington,  by  Hardy  («/  supra).  In  this  case  the  actual 
washing  of  the  sand  is  effected  in  hoppers,  about  3  feet  square  at  the  top,  and 
6  inches  at  the  bottom,  with  a  vertical  height  of  3-3  feet  These  have  an 
ejector  and  auxiliary  water  supply  bolted  on  to  their  botttMn,  and  the  auxiliary 
water  supply  is  so  adjusted  that  there  is  no  downward  dow  of  water  in  the 
hopper.  The  sand  sinks  through  the  water,  and  is  carried  away  by  tbe 
ejectM-,  while  the  dirt  b  carried  away  by  the  oveHlow  water.  It  is  stated 
that  one  such  washer  cleans  the  sand,  but  two  are  provided.  The  mixture  of 
water  and  ckaned  sand  is  lifted  by  the  last  ejectqr  into  a  bin,  and  the  sand  U 
deposited  there. 

It  would  appear  that  the  quantity  of  water  used  is  about  twelve  times  the 
volume  of  the  sand  washed,  and  about  75  per  cent,  is  supplied  at  a  pressure 
of  80  to  iQO  lb.  per  square  inch.  At  Philadel[^ia  the  figures  are  sixteen  times 
tlie  volume  of  sand,  and  70  lb.  per  square  inch,  but  these  figures  must,  I  think, 
be  considered  as  a  minimimi,  as  they  are  calculated  fnnn  experimental  results. 

Actual  working  results  ere  given  as  I  of  sand,  to  20^  or  30  volumes  of  watei, 
in  most  cases.  In  some  places,  i  to  14  or  i;  b  attained  with  a  pressure  of  55 
to  6a  lb.  And  with  a  pressure  of  80  to  90  lb.  a  ratio  of  i  of  sand,  to  11  or  12 
of  water  is  stated  to  be  obtained,  although  these  latter  figures  do  not  appear  to 
indnde  the  water  used  in  the  lifting  ejector. 

It  will  be  seen  that  even  the  minima  results  ctwtrast  unfavouraU))  with  the 
I  to  7  or  6  attained  in  ordinary  work  with  drum  or  troi^;h  washers,  although .  it 
would  appear  that  such  results  could  be  approached  at  Washington  provided 
that  the  lifting  ejector  was  not  used. 

la  all  calculations  respecting  the  strength  of  sand  bins  it  appears  advisable 
tD  assume  that  pressures  equivalent  to  those  produced  by  a  fluid  weighing  120 
to  I3S  lb.  per  cube  foot  may  occur  irtien  the  sand  begins  to  settle  out  from  the 
water.  The  weight  of  the  mixed  fluid  travelling  in  the  pipes  does  not 
materially  exceed  80  to  8$  lb.  per  cube  foot 

Waskitig  <^  Raw  SoMd. — In  applying  the  above  results  to  the  wash jng  of 
sand  in  mechanical  fitters,  or  to  the  cleansing  of  natural  sand  from  dirt,  it  must 
always  be  remembered  that  sand  fixun  a  slow  sand  filter  is  coated  with  Zooglea, 
and  that  even  when  this  has  dried  up  a  certain  amount  of  gummy  nutterstil] 
remains  on  each  individiud  graiiL  Thus,  the  washing  of  sand  whidi  has  not 
been  used  in  a  slow  sand  filter  is  a  far  more  aimplc  process,  and  where  raw 
■and  is  cheaply  procurable,  and  the  filter  beds  have  been  )o  de»gned  that  a 
thickness  of  send  can  be  placed  in  them  sufficient  to  compensate  for  the 
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relative  inefficiency  of  raw  sand  (as  cMnpaied  widi  ripe  sand}^  such  elaborate 
arrangements  are  unhecess'ary. 

I  give  a  sketcli  (No.  143)  of  (he  appanttos  used  at  Wa3hit)g:ton  for  washing: 
an  ordinary  raw  sand  mixed  with  ctay,  so  as  to  free  it  from  clay  dowD  to  0-3  or 
o'l  per  cent,  by  weight.  The  raw  material  is  washed  through  a  screen  of  say 
o'i6  inch-to  o'io  inch  mesh,  and  the  mixture  falls  into  a  box  16  feet  long 
by  24  inches  wide,  by  16  inches  deep  at  one  end,  and  4  feet  3  inches 
at  the  other.  In  the  bottom  of  this  four  perforated  pipes  were'  laid,  and 
by  means  of  these  about  1  cube  foot'  of  water  per  square  foot  per  minute 
was  passed  upwards,  and  overflowed  as  shown.  The  sand  was  drawn  ofT  at 
the  lower  Md  of  the  box,  and  was  washed  at  a  rate  approximately  equal  to 
I  cube  yard  per  square  foot  per  hour. 

The  expenditore  of  water  was  about  tive  to  six  times  the  volume  erf  soad 
washed. 

Washing  of  F/£  r^r^j.— Certain  special  methods  of  filter  waslung 
(they  can  hardly  be  termed  sand  washing  methods)  deserve  consideration. 

At '  Long  Island  the  filter  is  washed  by  turning  water  into  a  trongh  ruoninif 
along  one  side  of  the  filter  bed,  with  its  lip  at  the  level  of  the  sand,  so  that  a 
diin  stream  of  water  flows  over  the  bed,  and  is  drawn  off  by  a  similar,  trough 
on  the  other  side  of  the  bed  The  top  layer  of  the  sand  is  then  raked  and 
broken  up,  so  as  to  loosen  the  Schmut^decke  and  dirt,  and  this  is  continued 
until  an  the  dirt  has  been  carried  away  by  the  flowing  water,  and  a-  dean 
surface  is  secured. 

The  method  is  essentially  that  employed  for  cleaning  the  early  oxecfaanical 
filters,  and  the  fact  that  the  water  (lows  over  the  sand  in  place  of  rising 
Up  through  it  would  appear  to  render  the  cleaning  still  less  efiective. 

No  systematic  repiort  of  the  working  of  filters  washed  in  this  manner  baa 
yet  been  published,  but  the  method  seems  hardly  hkely  to  produce  consistently 
satisfactory  results,  except  in  Cases  where  the  raw  water  is  neither  highly 
polluted  nor  very  turbid.  If,  however,  it  is  regarded  m  an  expedirat  for 
rapidly  ahd  temporarily  restoring  the  efficiency  of  a  filter  during  hot  .season* 
when  the  growth  of  organisms  in  the  SchmuUdccke  is  so  rapid  as  to  dog  the 
fillers  long  before  the  top  layer  of  the  sand  is  really  dirty,  it  appears  to  be  a 
valuablii  ittocess,  provided  that  it  does  not  lead  to  an  undue  neglect  of  sand 
washing  later  on.  A  similar  ptocess  of  raking  under  water  is  occaaJOpttlly 
adopted  ih  the  summer  in  London..  Qacterial  investigations  have  not  been 
published,  and  seem  desirable. 

At  Wry,  where  the  Anderson  process  (see  p.  54?)  is  applied,  the  pre-filters 
are  sctaped  uhder  water  every  d^,  and  abooi  3  mm.  of  sand  (say  ^th  of  an 
inch)  i^  Temoved  by  means  of  a  flat  noule,  provided  with  a  guard>  in  older  to 
prevent  more  than  the  desired  thickness  being  removed,  and  connected  with  a 
centrifugal  pump.  This  method  permits  A  steady  atid'eyslematic  scraping  to 
lake  place  without  stopping  {titration,  and  1  am  infbnned  that  the  bacterial 
results  are  excellent. 

—  1  regret  that  as  the  inventor  has  not  yet  pnUished  any  drawings,  I  cannot 
give  a  stretch,  as  it  seems  to'be  a  process  which  is  well  worth  adoptico)  in  all 
cases,  it  must  be  remembered  that  this  process  is  at  present  only  applied  to 
pre-fUters,  and  bacterial  teste  when  tised  on  ordiiuu7  single  fihers  (where,  if  do 
coagulint  is  used,  the  scrapings  would  hardly  require  to  be  so  frequent)  are 
greatly  to  be  desired. 
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In  some  caMs,  the  filters  are  washed  by  agitating  the  whole  sand  bed  by 
means  of  compnised  air  aad  water,  introduced  into  the  under-drains,  as  is 
ttsnal  in  mechanical  filters.  The  difficulties  of  obtaining  an  equable  distri- 
bution orer  a  bed  of  large  area  are  obvious.  Judging  from  experience  of 
iDechaiacal  filters,  we  may  expect  that  after  a  few  washings  the  saad  will 
become  stratified,  and  that  the  upper  layers  will  contain  a  lafge  proportion  of 
finer  grains,  so  that  the  washing  wiU  require  to  be  frequently  repeated,  or  the 
sand  employed  must  be  graded  to  a  uniform  site  before  use.  The  system 
therefore  promises  to  be  costly  not  only  in  maintenance,  but  in  first  outlay,  and 
its  advantages  are  open  to  doubt. 

The  Torresdale  (Philadelphia)  pre-filters  may  be  taken  as  an  example. 

These  are  60  feet  by  30  feet  3  inches  in  area,  and  consist  of  i3  inches^bf 
sand,  varying  from  0x132  to  004  inch  in  diameter,  resting  on  the  following 
layers  of  gravel : 

8  inches  of  a  size  varying  from  i  to  J  inch. 

3  ..  ..  ..  i  ..  1  inch. 

4  n  11  II  f  11  'i  '"ch. 
t;            „           „            „           2  to  3  inches. 

The  grading  is  very  carefully  adjusted,  and  the  gravel  depth  (2  feet  6  inches) 
is  larger  than  would  be  required  were  the. washing  effected  in  the  ordinary 


Sketch  No.  144.— Bag-Soaper  used  at  HaBburg. 

•CUatUng  im  Frvsty  Weatkir. — Sketch  No.  144  shows  a  grab  scraper 
used  for  scraping  the  sand  of  the  Hamburg  filters  when  the  water  is  covered 
with  ice. 

As  a  rule,  the  adoption  of  covered  filters  readers  such  methods  unaccessar:^ 
Where  frosts  occur  which  are  not  sufficiently  intense  to  render  covered 
filters  absolutely  nKCS$ary,  but  tyhicb  are  hard  enough  to  forni  thin  ice  on  the 
water,  the  following  process  suffices  to  keep  the  filters  in  regular  working 
firder.        ,,    ■   ,. 

Shordy  before  the  advent  of  the  cold  weather,  the  sur&ce.ofthe  sand  fe 
fbrtned  into  regular  waves  about  9  inchesiugb,  aad  3  feet  from  crest  lo  crest, 
so  that  when  the  water  is  drawn  down  to  the  sand  level  the  ice  is  fractured 
and  can  be  removed.  The  height  and  size  of  the  waves  must  depend  on 
the  thickness  of  ice  expected,  and  any  undue  delay  in  scraping  may  prove 
disastrous. 

pRSLiHiNARY  FiLTRATiOHPROCBSSBS-i-Pselimmary  processes  of  lihiaiimi 
v^ry  greatly  in  diara£t«r.  .fillers  of  coke,' brickbats,  cmnpiessed  sponge,  etc^ 
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have  been  employed.  The  general  idea  is  to  atiBiB  out  the  coan»  particles  by 
means  of  a  fillci  which  can  be  easily  cleaned  so  as  to  pennh  the  savd  filten 
to  run  without  cleaDing  for  a  longer  period.  The  general  ignorance  of  the 
priacifdes  involved  is  best  illustrated  by  the  fact  that  it  is  still  open  to  doubt 
whether  these  coarse  filters  do  not  remove  a  greater  portion  of  the  finer  partidei 
than  of  the  coiuse  particles.  As  has  already  been  stated,  bacteria,  and  the 
particles  which  cause  turbidity  and  which  cannot  be  rapidly  removed  by 
sedimentation,  are  all  &i  smaller  than  the  passages  between  the  gnuns  of  even 
the  finest  sand.  Thus,  at  first  sight,  coarse  filters  should  have  no  influence 
upon  substances  which  are  difficult  to  deal  with  by  means  of  sand  filters.  As  a 
matter  of  fact,  it  may  be  suspected  that  coarse  filters  are  usually  efiiKtive  not  as 
filters,  but  as  aerators.  The  principles  are  best  illustrated  by  a  description  of 
the  d^groisseurs  of  Peuch-Cbabai 

D£groisseurs  or  Roughing  Filters.— Id  principle,  d^groisseurs  are 
filters  of  coarse  gravel.  The  theoretical  rationale  of  such  filters  is  at  present 
uncertain.  Kemna  {Etuda  sur  Fillraiioti,  see  also  Engitutring  Ntws,  36th 
March  1908)  suggests  that  the  action  resembles  the  retention  of  small 
particles  by  the  slimy  layer  of  mud  that  forms  on  each  individual  stone  of  the 
gravel.  Contact  action  has  also  been  put  forward  as  an  explanation,  but  such 
terms  are  merely  polite  expressions  of  ignorance. 

The  most  systematic  method  of  pre-filtration  is  that  introduced  by  Messrs. 
Peuch  and  Chabal,  under  the  term  "  ddgroisseurs."  The  installation  at 
Sturesnes  {Trans,  Assoc,  of  WaUrwork^  Engineers,  vol.  12,  p.  300)  treats 
7,700/xx)  imperial  gallons  per  24  hours,  and  consists  of  the  following : 

(i)  A  fall  in  a  thin  sheet  of  water  through  about  3  feet,  for  the  purpose  of 
aeration.  One  set  of  strainers  of  1^71  square  feet  (146  square  metres)  area, 
composed  of  13  inches  (o'3o  metre)  of  pebbles,  ranging  from  i'2  inch  to  o'8  inch 
in  diameter  (0*03  to  0*02  metre),  and  passing  the  water  at  a  filtration  veloci^ 
of  790  feet  per  day  ;  or,  if  one-quarter  of  the  area  is  being  cleaned,  at  about 
1040  feet  per  day.  Then  aeration  produced  by  a  fall  of  4  inches,  followed  by  a 
strainer  of  2648  square  feet  (246  square  metres)  area,  with  14  inches  (0*35 
metre)  of  pebbles,  ranging  from  0*4  inch  to  o'6  inch  in  diameter  (o'oi  to  o*ot5 
metre),  with  a  filtration  velocity  of  approximately  464  feet  per  34  hours.  This 
is  followed  by  aeration  as  before,  and  treatment  in  a  strainer  of  48ioiqtiare 
feet  (447  square  metres)  area,  composed  of  16  indies  (0*40  metre)  of  pebbles, 
rangii^  fiom  o'2£  inch  to  0*4  inch  in  diameter  (0*007  to  oxtio  metre),  at  a 
filtration  velocity  of  255  feel  per  34  hours.  Followed  by  four  falls  of  about  2  inches 
each,  and  a  fourth  strainer  of  7973  square  feet  (741  square  metres)  composed  of 
16  inches  (o'4o  metre)  of  pebbles,  ranging  from  o*i6  inch  to  ow  inch  in 
diameter  (ox»4  to  0*007  metre),  at  a  filtration  velocity  of  154  feet  per  34  hoots. 

It  may  be  suspected  that  the  aeration  is  not  without  influence  on  theworicing 
of  the  system.  The  water  is  exceptionally  polluted,  being  drawn  from  the 
Sdne  below  Paris. 

(ii)  The  fiirtber  treatment  consists  of  a  double  filtration  as  follows  : 
(a)  Through  2  feet  of  coarse  sand  at  a  rate  of  65  feet  daily. 
(*)  II         3       ..       fine  „  10-7         „ 

The  bacterial  results  are  excellent,  being  considerably  better  than  tiiose 
yielded  by  the  Anderson  process  at  Ivry  (see  p.  S47),  and  the  final  filters 
appear  to  require  cleowng  at  tb«  most  twice  a  year.    The  fiist  sand-filtets  ai« 
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ckaned  nbout  once  every  six  ireekt.  During  floods  tbe  d^raisseuis  are 
cleansed  aJjoost  continuously.  , 

From  personal  inspection,  I  feel  it  safe  to  state  that  without  tbe  aid  of 
d^roisseurs,  oi  an  unusually  lengthy  period  of  sedimentation,  combined  with 
coagulation,  it  would  be  impossible  to  work  the  filters  at  all;  I  also  doubt  if 
.  equally  good  bacterial  results  could  be  obtained  from  the  raw  water  by  any 
other  process  of  filtration  (as  distinguished  from  ctaemical  disinfection). 

The  system  is  usually  applied  to  waters  similar  to  tboae  at  Surcsnes,  but  has 
been  introduced  at  the  Bamford  filters,  which  treat  a  moorland  reservoir  water 
but  little  exposed  to  pollution.  In  this  case  tbe  strainers  are  three  in  number, 
as  follows  : 

(i)  13  inches  of  gravel,  from  0*42  inch  to  0-62  inch  in  diameter,  working 

at  a  rate  of  343  feet  per  24  hours, 
(ii)  14  inches  of  gravel,  from  030  inch  to  042  inch  in  diameter,  working 

at  264  feet  per  24  hours, 
(iii)  r6  inches  of  gravel,  from  o'i8  inch  to  0-30  inch  in  diameter,  working 

at  103  feet  per  24  hours. 

Aeration  appears  to  be  tmprovided  ,for,  and  tbe  &rther  tresttnent  consists 
of  a  slow  sand  ^Iter  with  2  feet  of  sand  (reduced  by  scraping  to  1  foot),  working 
at  a  rate  of  13  feet  per  34  boure  (see  p.  530). 

Our  present  information  does  not  permit  the  variations  in  the  process 
necessitated  by  different  qualities  of  raw  water  being  discussed.  The  Peuch- 
Chabal  d^groisseur  is  by  no  means  tbe  only  type  that  can  be  used,  and  very 
good  results  may  be  obtained  by  one  filtration  through  ordinary  stone  bi^en 
to  about  i-inch  siie.  A,  typical  case  exists  at  Shanghai,  where  a  very  turbid 
and  polluted  river  water,  which  had  to  rccuve  at  least  two  days'. sedimentation 
previous  to  slow  sand  filtration,  is  now  turned  direct  into  a  strainer  consisting  of 
3  feet  of  J-inch  stone,  woridng  with  a  filtraiioo  velocity  approximately  equal  to 
100  feet  per  24  hours ;  then  slightly  aerated,  and  passed  at  once  to  the  filters. 
At  present,  the  process  is  experimental,  bat  the  average  life  of  a  filter  between 
cleanings  aj^ifars  to  be  increased  from  14  days  to  6  weeks. 

Double  Filtration. — In  some  cases  the  water  is  filtered  twice  thnu^  slow 
sand  filters.  The  drcumstanccs  which  necessitate  double  fijtmtian  are  dis- 
cussed by  Goette  {Trans.  Am.  Soc.  of  C.E.,  voL  53,  p.  310).  The  water  of  tfae 
.river  Weser  at  Bjetneo  in  timAs  of  flood  is  turbid,  and  when  it  arrives  at  the 
filters  frequently  contains  over  10,000  bacteria  per  c.c,  (by  Koch's  ,M«t).  [t  is 
..then  found  that  even  with  such  low  filtration  velocities  as  4'9  feet  pw  24  hours 
(63  mm.  per  hour)  a  bacterially  satisfactory  effluent  cannot  be  obtaaied,  and 
the  ef&uent  is  also  liable. to  be  turbid.  Under  these  circimutaoces,  Goetze 
filters  tbe  water  twice,  at  velocities  ranging  (according  to  tbe  bactetial  contont 
and  turbidity)  from  8,  to  )6  feet  (even  20  feet  has  been  used)  per  24  hours,  and 
'  obtains  a  final  filtrate  which  contains  only  30to4olfacteriaperc.c.  Inndditioo, 
(he  effluent  from  a  freshly  cleaned  filter  can  be,tumed  on  tp  an  old,  ripe  filter 
and  a  satisfactory  final  filtrate  is  produced. 

Tbe  advantages  are  obvioijs,  and  it  is  equally  plain  that  a  Lpiehminary 
sedimentation  or  coagulation  would  allow  a  fairly  clear  water  containing  leas 
than  10,000  bacteria  per  c.c.  to  be  delivered  to  the  filters,^  Thus,  while  double 
filtration  can  produce  a  satisfactory  effluent  from  a  very  bad  water,  it  is. extremely 
.doubtful  whether  it  is  tbe  best,  and  it  is  certainly  not  the  only  possible  prticeii, 
35 
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The  pTDcess  is,  in  my  opinion,  somewhat  in  the  nature  of  a  makeshift,  and  has 
no  real  advantage  ewept  that  the  second  filters  require  cleaning  at  long 
intervals  only,  so  that  during  a  short  period  of  bad  water  the  full  capacity  of 
the  filter  area  can  be  utilised,  [n  considering  the  rates  of  filtration  to  be 
adopted,  the  figures  for  Ivry  (see  p.  547),  and  Suresnes  (see  p.  545)  are  typical ; 
and,  since  the  water  dealt  with  at  these  places  is  unusually  polluted,  these 
velocities  will,  as  a  general  rule,  be  found  to  produce  satisfactory  results  with 
double  filtration  without  any  preliminary  treatment 

No  rules  can  be  given,  and  local  experience  alone  permits  a  satisfactory 
system  to  be  arrived  at.  It  may  be  suspected  that  cither  the  typical  system  of 
d^groiaseurs,  or  the  rough  modification  used  at  Shanghai,  is  usually  pteferable 
to  double  filtration  through  two  sand  filters.  The  Shanghai  water  is  about  as 
bad  as  is  likely  to  be  usually  dealt  with,  and  the  results  arc  excellent. 

D^groisseurs  are  believed  to  have  more  effect  on  coloured  water,  or  on 
waters  with  odours  and  tastes,  than  a  sand  filter.  Double  filtration  shotild  only 
be  adopted  when  it  is  quite  clear  that  it  possesses  advantages  over  the  simpler 
method  of  d^groisseurs  and  single  sand  filtration,  or  coagulation  and  sand 
filtration. 

Flood  Water*. — Most  engineers  are  adverse  to  pas»ng  water  drawn  from  a 
river  in  high  flood  direct  to  slow  sand  filters,  as  the  filters  are  liable  to  become 
rapidly  clogged,  and  the  necessary  cleaning  is  laborious.  Flood  water,  however, 
is  not  in  itself  objectionable  if  sufficient  sedimentation  is  provided. 

Certainly,  the  first  washings  of  a  catchment  area,  as  carried  down  by  a  flood, 
may  be  highly  polluted,  when  regarded  from  a  chemist's  point  of  view.  It  is 
somewhat  doubtful  whether  such  water  generally  contains  far  more  than  the 
normal  quantity  of  pathogenic  bacteria,  and  being  turbid,  it  is  certainly 
proportionately  more  improved  by  sedimentation  than  are  the  clearer,  normal 

If  the  sedimentation  is  incomplete,  the  filter?  will  require  frequent  cleaning, 
but  this  fact  may  be  regarded  as  an  assurance  that  an  engineer  will  not  filter 
.  unsedimented  flood  water  if  it  can  be  avoided.  The  water  of  aflood  succeeding 
a  previous  flood  at  a  short  interval  is  probably  (except  for  its  turbidity)  the  best 
of  the  year. 

Flood  waters  of  even  such  highly  cultivated  and  thickty  poptilated  catchment 
areas  as  the  Thames,  and  Lea  v^leys,  will  produce  satisfactory  tihiates.  llnis, 
during  October  1898  (a  month  of  high  and  continuous  floods)  the  followii^ 
figures  were  obtained : 

Raw  water,~average  1719  microbes  per  c.c. :  filtered  water,— average  of 
.a6  samples,  13  microbes  per  c.c. 

These  particular  results  were  obtained  with  very  little  sedimentation,  and  it 
may  be  inferred  that  careful  slow  sand  filtration  is  capable  of  produdng  satis- 
factory filtrates  from  flood  waters.  If  previous  sedimentation  can  be  effected, 
.the  circumstances  are  even  more  favourable  ;  and,  if  sedimentation  is  impossible, 
coBgolation  is  not  only  an  allowable,  but  even  an  advantageous,  temporary 


Proceaies  Supplementarr  to  Slow-Sand  Filtration. — A  mere  enumeration  of 
the  various  processes  adopted  to  render  water  better  adapted  for  purification 
by  slow-sand  filters  would  fill  several  pages. 

Preliminary  treatment'by  roughing  filters  has  already  been  diecnssed. 
,  it.  is  now  proposed  to  discuss  several  processes  of  a  chemical  character 
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before  discussing  such  methods  as  sedimentation  or  coagulation,  which  are 
more  or  less  dependent  on  the  turbidity  of  the  water. 

The  arrangement  is  illogical,  and  has  merely  been  adopted  because  sedi- 
mentation and  coagulation  processes  form  an  integral  portion  of  the  American, 
or  mechanical  filtration,  processes.  As  already  stated,  however,  sedimentation, 
either  in  special  basins  or  storage  reservoirs,  is  a  very  important  preliminary 
portion  of  the  slow  sand  filtration  process  when  applied  to  turbid  waters  (see 
pp.  534  and  552). 

Preliminary  Chemical  Treatments. — (i)  Treatment  with  Metallic 
Iron. — The  typical  iron  process  is  the  Anderson  process,  in  which  the  raw 
water  is  exposed  to  the  action  of  scrap  iron  in  revolving  drums.  This  treatment 
is  usually  applied  to  turbid  waters,  and  especially  to  those  which  are  both 
heavily  polluted  and  turbid.  It  fbrras  a  very  powerfiil  means  of  ameliorating 
the  condition  of  the  water.  As  a  rule,  the  turbidity  is  considerably  reduced, 
and  settles  down  more  rapidly  in  the  sedimentation  basins,  and  is  more  easily 
removed  by  slow  sand  and  other  filters.  In  fact,  the  process  produces  a 
coagulation. 

In  addition,  many  waters  of  the  type  referred  to  contain  colloidal  (glue- 
like) substances,  which  are  not  easily  filtered.  Any  classification  of  these 
substances  is  at  present  impossible,  but  as  a  matter  of  experimental  knowledge, 
the  Anderson  process  usually  causes  colloidal  substances  to  assume  a  form  in 
which  they  are  easily  removed  by  filtration.  The  process  therefore  constitutes 
a  very  efficient  preliminary  to  filtration,  and  while  special  experiments  must  be 
made  in  all  cases,  it  is  usually  found  that  when  the  water  is  of  a  kind  which  is 
adapted  to  the  process,  the  area  of  the  filters  can  be  reduced  to  about  one-half 
of  that  which  would  be  required  to  filter  the  same  quantity  of  untreated  water, 
and  the  interval  between  cleanings  is  greatly  increased. 

The  most  scientifically  arranged  installation  is  found  at  Ivry  (near  Paris), 
and  supplies  a  large  portion  of  the  water  used  in  Paris.  .The  drums  are 
36  feet  3  inches  by  ;  feet  9  inches  in  diameter  (8  metres  x  175  metres).  These 
each  contain  3J  tons  of  metallic  iron  in  small  fragments,  and  make  15  revolu- 
tions per  minute.  The  water  passes  through  the  drums  at  a  rate  of  about 
12  cubic  feet  per  minute  per  drum,  and  is  thoroughly  mixed  with  the  iron.  The 
drums  are  provided  with  internal  shelves  which  lift  the  iron  and  allow  it  to 
drop  through  the  water.  The  water  consequently  takes  up  a  small  quantity 
of  iron,  the  consumption  being  about  660  lb.  per  drum  per  month. 

On  leaving  the  drums,  the  water  passes  into  a  "sedimentation  basin," 
through  which  it  travels  in  six  hours.  The  after-treatment  consists  of  filtration 
through  2  feet  of  coarse  sand  (all  the  sand  passes  thit)ugh  an  ^inch 
(3  mm.)  hole,  and  is  retained  on  a  0*04  inch  (i  mm.)  sieve).  These  pre-filters 
are  cleaned  every  day  by  pumping  the  top  02,  to  04  inch  of  sand  away  by 
means  of  a  suction  scraper  worked  by  a  small  centrifugal  pump  (p.  542).  The 
"sedimentation"  basin  is  only  cleaned  once  a  month.  Hence,  it  may  be 
inferred  that  the  "  sedimentation "  basin  is  in  reality  a  coagulation  tank, 
and  that  the  pre-filter  removes  the  sediment.  The  slow  sand  filters  aie  shown 
in  Sketch  No.  139,  are  worked  at  a  rate  of  131  feet  daily,  and  are  cleaned  every 
six  months.  Before  the  installation  of  the  pre-filters,  however,  these  filters  were 
cleaned  every  15  days  in  summer,  and  every  month  in  winter. 

The  process  described  is  admirably  adapted  to  the  water  of  the  Seine,  as 
found  at  Ivry.    It  is  not  precisely  a  typical  Anderson  process,  thai  ustiaily 
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consisting  of  treatment  in  revolving  drums,  followed  by  13,  to  34  hours' 
sedimentation  (sometimes  less  than  12  hours),  and  slow  sand  filtration  at  the 
rates  later  indicated. 

As  will  be  seen  from  the  figures  given  on  pages  547  and  588,  each  cubic  foot  of 
water  subjected  to  the  Anderson  process  dissolves  about  o'9  grains  of  iron.  The 
coagulaticm  effect  thus  induced  is  approximately  equal  to  that  produced  by 
4'5  grains  of  crystallised  ferrous  sulphate,  or  6'6  grains  of  crystallised  aluminium 
sulphate,  though  some  portion  of  the  iron  may  become  combined  with  the  coUoidal 
substances  without  producing  coagulation,  and  is  obtained  without  any  increase 
in  the  hardness  of  the  water.  Thus,  in  waters  which  are  adapted  to  this  process 
the  coagulation  is  very  favourably  effected.  The  power  required  to  rotate  the 
cylinders,  and  the  fact  that  the  supervisor  has  no  control  over  the  process, 
must  be  taken  into  account  when  balancing  the  advantages  of  the  Anderson 
and  other  methods  of  coagulation.  The  process  does  not  appear  to  be  well 
adapted  to  turbid  waters  which  are  not  polluted  (either  by  prodocts  of  animal 
or  vegetable  decomposition),  and  the  typical  coagulation  process  should  be 
employed  in  such  cases. 

Occasionally  the  Anderson  process  is  employed  as  a  prelinunary  to 
mechanical  filtration,  but  I  understand  that  this  is  not  recommended  by  the 


(it)  PolariU,  Oxidium,  and  other  processes^ — These  are  proprietary  articles, 
consisting  principally  of  iron  and  lime  salts,  which  are  placed  in  layers  buried 
in  the  sand  of  the  filters.  They  appear  to  permit  a  higher  rate  of  filtration 
to  be  used  than  would  otherwise  be  found  satisfactory. 

The  published  results  indicate  very  satisfactory  woricing,  but  (like  all 
proprietary  articles)  full  information  is  difficult  to  obtain,  and  it  may  be 
suspected  that  the  process  has  sometimes  been  applied  to  waters  to  which  it 
is  not  well  adapted. 

(iii)  Oxone.—T'ias  process  has  been  applied  to  several  waters  after  filtration. 
Its  efficacy, — which  is  undeniable,— lies  in  completely  destroying  all  bacilli 
when  properly  carried  out. 

At  present,  however,  all  installations  appear  to  be  so  costly  in  power  that 
the  process  Is  not  economically  justifiable.  If  anything  approaching  the 
theoretical  yield  of  oione  per  borse-power  hour  could  be  obtained,  the  process 
would  prove  economically  practicable  ;  and  it  may  be  hoped  that  the  advance 
of  elecirO'Chemistry  will  equip  waterworks'  engineers  with  a  very  efficacious 
method. 

(iv)  SUriiisation  iy  Htat. — In  this  process  the  water  is  first  raised  to  a 
temperature  sufficient  to  destroy  all  organisms,  and  is  then  cooled.  It  is 
obviously  costly,  even  when  the  heating  is  produced  by  a  "multiple  eflect" 
beater,  and  is  thus  hardly  suitable  for  general  use.  I  would,  nevertheless, 
strongly  recommend  such  an  installation  in  all  cities  where  infection  frtm 
cholera  is  likely. 

The  localities  where  cboteta  is  endemic  are  well  known,  and  in  view  of  the 
enormous  loss  of  life  and  depreciation  to  property  caused  by  an  outbreak  of 
cholera,  the  expenditure  entailed  by  a  plant  which  will  ensure  absolute  satiety 
during  the  periods  when  infection  may  be  apprehended,  is  thoroi^hly  justified. 

(v)  Chemical  SUriiisation.— 1\it  practice  of  chemically  sterilising  water  is 
making  rapid  advance,  but  the  question  is  one  for  the  chemist  and  physician, 
rather  than  for  the  engineer. 
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St«rittsalion  is  usually  affected  by  chlorine,  produced  by  adding  bleaching' 
power  ("  chloride  of  lime  "),  or  hypochlorite  of  soda  to  the  water. 

At  Reading  (Mass.),  {Engiwiring  Record,  9th  Oct  1909),  water  containing 
fmm  120^000  to  1360  bacteria  per  c.c.  (27,137  per  c.c.  on  the  average)  was 
treated  with  quantities  of  bleaching  powder  varying  from  0*93  to  TS  grains 
per  cube  foot.  The  "  percentages  of  bacteria'removed '  varied  from  99*$  to  99'8, 
and  the  action  was  apparently  complete  in  five  minutes,  for  after  60  minutes  the 
increase  in  the  percentage  of  removal  never  exceeded  0-2  per  cent.  It  will  be 
plain  that  even  the  highest  percentage  of  removal  will  not  produce  a  satisfactory 
effluent  when  the  bacterial  content  of  the  raw  water  exceeds  50^000.  The 
bleaching  powder  contained  41*5  per  cent,  of  free  chlorine,  and  if  more  than  2*5 
grains  per  cube  foot  was  added  to  the  water,  a  slight  odour  of  chlorine  was 
noticed.  fociV/wj'irii/t' was  "entirely  destroyed,"  and  no  free  chlorine  could  be 
detected  in  the  effluent. 

The  process  is  simple.  The  requisite  quantity  of  free  chlorine,  or  the 
chemical  containing  it,  is  added  to  the  water  after  as  long  a  sedimentation  as 
can  be  obtained  ;  or  just  before  filtration,  if  that  process  is  employed.  Engineer 
must  conuder  it  as  a  very  useful  means  of  tiding  over  temporary  emergencies 
such  as  abnormal  pollution,  or  threatened  outbreaks  of  cholera  and  typhoid,  it 
is  doubtful  whether  popular  prejudice  at  present  permits  an  extensive  and 
systematic  application  of  disinfection  methods,  and  (judging  from  personal 
experience)  most  engineers  are  far  more  disposed  to  employ  the  treatment, 
than  to  publish  their  results. 

So  far  as  I  am  aware,  the  chemicals,  other  than  bleaching  powder,  used  in 
sterilisation  processes  are  hypochlorite  of  soda  (producing  chlorine),  perman- 
ganate of  potash  (producing  oxygen),  and  sulphur  dioxide.  The  chemical 
action  is  probably  essentially  an  oxidisation  in  every  case. 

(vi)  Neutralisation. — Several  preliminary  treatments  for  special  purposes- 
snch  as  the  neutralisation  of  acid  waters,  have  already  been  referred  to.  The 
principles  are  purely  chemical,  and  the  details  of  their  application  depend 
so  exclusively  upon  local  circumstances  that  no  general  rules  can  be  given. 
Thus,   the  neutralisation  of  acid  waters  has  been  effected  by  the  following 

{a)  By  pouring  each  hour  a  weighed  quantity  of  powdered  chalk  into  the 
aqueduct. 

(*)  By  passing  the  water  through  special  filters  of  coarsely  powdered  limestone. 

(f)  By  mixing  powdered  limstone  with  the  sand  of  the  filter  beds. 

(vii)  5/«»j'«('«f.— Similarly,  the  figures  relating  to  the  process  of  straining 
water  through  fine  copper,  or  brass  sieves,  are  very  conflicting.  Thus  {P.I.C.E., 
vol.  126,  p.  8),  in  two  cases  in  the  North  of  England,  sieves  of  900  and  14,400 
meshes  per  square  inch  were  adopted.  The  ciroimstances  under  which  the 
two  types  of  sieves  were  used  were  very  similar,  and,  so  far  as  dilTerences 
exist,  the  900-mesh  sieve  is  used  under  the  less  favourable  conditions. 

The  effects  (other  than  the  removal  of  visible  impurities)  of  straining 
through  fine  wire  sieves  are  not  well  known.  The  process  obviously  prevents 
the  entrance  of  fish  spawn,  or  other  large  oi^anisms,  into  the  mains ;  but 
it  is  doubtful  if  it  has  any  permanent  effect  in  preventing  the  development 
of  algx  or  slime  (see  p.  438).  In  cases  where  it  is  the  only  treatment  which 
is  given  to  the  water,  such  Rne  gaure  as  14,400  meshes  per  square  inch  may  be 
useful ;  but,  if  the  water  is  later  subjected  to  any  other  effective  process  of 
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purificatioD,  even  a.  900  mesh  per  squaie  inch  scieen  seems  to  be  unnecessarily 

Removal  of  Visible  Impurities  from  Water.  —  As  a  matter  of 
historical  record,  the  first  attempts  to  purify  water  were  entirely  tiirected  with 
a  view  to  removing  visible  particles  from  the  water.  Even  at  the  present  date, 
engineers  are  accustomed  to  obtain  a  rough  idea  of  the  eflectiveness  of  any 
purification  process  by  pouring  the  purified  water  into  long  tubes,  and  examining 
the  colour  and  tiansparency  of  a  z  feet,  3  feel,  or  4  feet  layer  of  water.  The 
test  is  unscientific,  but  in  experienced  hands  the  relative  results  afford  a  very 
valuable  preliminary  indication  of  irregularities  in  the  working  of  the  process. 
Regarding  the  question  from  this  point  of  view,  the  visible  imparities  (mud, 
slime,  etc.)  in  water  can  be  wholly  or  partially  removed  by  straining  or 
sedimentation. 

Straining  is  effected  by  passing  the  water  through  orifices  which  are 
sufficiently  small  to  retain  the  visible  impurities.  Such  orifices  are  afforded  by 
the  pores  of  a  sand  layer,  or  by  the  meshes  of  wire  gauze.  The  details  have 
already  been  discussed. 

Sedimentation  is  a  convenient  term  for  the  slow  deposition  of  the  visible 
impurities  which  takes  place  under  the  action  of  gravity.  This  action  can  be 
assisted  by  various  mechanical  or  chemical  processes.  The  term  coagulation 
may  be  applied  to  this  assisted  sedimentation. 

As  will  appear  later,  sedimentation  produces  other,  and  generally,  far  more 
important  effects  on  the  water  than  are  indicated  by  the  mere  diminution  in 
turbidity  produced  by  the  process. 

Sedimentation.— This  process  is  best  applied  to  turbid  waters,  since  the 
deposition  of  the  suspended  matter  not  only  clears  the  water,  but  bacteria  are 
mechanically  entangled  and  are  carried  down  to  the  bottom,  thus  producing  a 
material  purification. 

The  following  figures  show  that  at  least  75  per  cent,  of  bacterial  purification 
may  be  obtained  in  suitable  waters,  merely  by  24  hours'  storage  in  a  sedimenta- 
tion tank. 

At  Louisville,  Kentucky,  in  34  hours,  75  per  cent  reduction. 
At  Kansas  City,  in  24  hours,  83  per  cent,  reduction. 

On  the  other  hand,  some  waters  contain  very  finely  divided  particles  of  clay, 
as  small  as  oooooi  inch  in  diameter  (f.f.  practically  of  bacterial  size),  and  in 
such  cases,  imless  a  coagulant  is  added,  sedimentation  has  comparatively  little 
efTecl.    For  example,  at  New  Orleans,  we  find  the  following  results  : 


T,„„S.„>d»..       :      J'«Ki"»- 

Tuibidity. 

Initial                                   650 
t2  hours                             435 
24     „                                 360 
48     „                                 300 
7a     »                                265 

33 
45 
54 
59 
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This  comparatively  high  nte  of  reduction,  followed  by  a  r^»id  decreftsci  may  be 
considered  as  cfaanctexistic  of  all  sedjmentatioa.  If  in  the  avera{;e  state  of  the 
water  the  reduction  in  turbidity  is  less  than  60  to  70  per  cent,  after  34  hours' 
sedimentation,  atoiHge  in  a  large  and  wcU-designed  sedimentation  basin  for  at 
least  a  week,  or  some  coagulation  process,  is  advisable,  either  regularly,  or  at 
ceriain  seasons  only. 

The  effect  of  sedimentation  on  bacterial  content  is  nol  entirely  mechanical. 
It  appears  that  the  mere  fact  of  storage  causes  a  reduction  in  tbe  number  of 
bacteria  existing  in  an  initially  polluted  water,  even  though  this  water  is  quite 
clear.  The  reasons  are  obscure,  and  it  is  not  yet  certain  whether  the  bacteria 
are  mechanically  deposited  and  sink  to  the  bottom  of  the  water,  or  whether  the 
available  nutriment  contained  in  the  pollution  existing  in  the  water  is  exhausted, 
and  the'bacteria  are  starved,  but  the  balance  of  evidence  seems  to  favour  the 
latter  supposition  (see  p.  55a). 

In  cases  where  a  heavy  and  rapidly  falling  precipitate  is  produced  in  the 
water  {e^.  in  Clark's  process  for  softening  water,  where  a  pulverulent  precipi- 
tate of  calcium  carbonate,  "  precipitated  chalk "  is  formed),  the  bacterial 
reduction  may  be  so  great  as  to  rentier  filtration  unnecessary.  As  exam^^s, 
the  following  reductions  have  been  secured  merely  by  applying  Clark's  process 
(see  p.  590) : 

Reduction  of  bacteria  from  333  to  4  per  c.c. 

Reduction  of  bacteria  from  i33  to  4   „    „ 

Where  coagulants  producing  a  gelatinous  precipitate  are  used,  as  in  the 
aluminium  sulphate,  or,  better  still,  the  ferrous  sulphate  and  lime  pn>cess, 
many  American  cities  are  content  with  the  results  obtained  by  such  astisted 
sedimentoiion  otUy.  As  for  example,  St.  Louis,  where  the  average  results 
show  a  bacterial  reduction  from  65,100  to  300  per  c.c. 

Sedimentation  is  usually  regarded  as  a  preliminary  to  filtration,  and  from' 
this  point  of  view  it  has  merely  been  considered  as  a  tneans  of  removing  the 
larger  suspended  particles,  and  so  increasing  the  period  during  which  tbe 
filters  run  without  cleaning,  tbe  bactericidal  effect,  until  lately,  not  being  recog< 
nised.     Hence,  the  period  of  sedimentation  allowed  in  practice,  is  very  variable. 

Taking  typical  cases  :— It  has  been  proposed  to  allow  a  56  days'  storage  for 
Thames  water,  not  so  much  for  sedimentation,  as  to  avoid  the  use  of  turlud 
flood  water.  This  may  be  regarded  as  a  counsel  of  perfection  i  and,  actuaUy, 
the  periods  of  sedimentation  (or  storage)  allowed,  varied  in  1894,  from  15  days 
for  the  East  London  Water  Co.  (using  Lea  River  water  principally),  and  .11,  f<» 
the  Chelsea  Water  Co.,  down  to  33  for  the  Grand  Junction  Co.  The  storage 
capacities  have  since  been  largely  increased  (roughly  doubled),  and  in  view  of 
the  "  Reports  on  Bacterial  Results  "  by  Houston  {R^orli  to  the  Laitdott  Wattr 
Board)  the  expenditure  appears  to  be  justified. 

Tbe  circumstances  in  London  are  peculiar.  The  raw  water  is  heavily 
polluted,  and,  except  in  flood  time,  is  not  very  turbid.  Also  the  quantity 
supplied  is  now  growing  very  close  to  the  amount  thatmay  be  drawn  from  the 
river  in  the  months  when  its  flow  is  least.  An  increase  in  storage  capacity  is 
therefore  necessary,  if  only  to  ensure  against  shortage  of  supply.  Houston's 
investigations  have  probably  produced  the  construction  and  use  of  reservoirs  as 
sedimentation  b^jns  but  a  few  years  previous  to  their  inception,  for  storage 
requirements  only.    Indeed,  it  may  be  doubted  whether  an  engineer  accustomed 
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to  such  tnrindhr  as  occurs  in  Ameiica  or-  India  would  coimder  the  Loodon 
WatA  Board  reservoits  to  be  correctly  termed  sedimentAtion'baShnl  Some 
sedimentation  does  occur  in  these  reservoirs,  and  as  far  as  possible  no -water 
is  delivered  to  the  filters  which  has  not  been  passed  through  the  reservoirs,  A 
study  of  Houston's  reports  will  show  that  the  reduction  in  bacterial  content 
which  occurs  in  the  reservoirs  is  attributed  to  storage  ratherthan  sedimentation. 
The  distinction  is  not  of  great  practical  importance,  as  even  should  it  be  proved 
that  the  duration  df  the  storage  is  the  only  factor  eflfbctlve  in  destroying  the 
bacteria,  it  is  highly  improbable  that  any  engineer  will  build  reservoirs  to  store 
clear  water  for  this  purpose  alone.  Where,  however,  turbidity  or  shortage  of 
supply  enforces  the  use  of  sedimentation  reservoirs,  Houston's  researches  show 
that  under  favourable  circumstances  a  matted  diminution  of  the  bacterial 
content  may  be  expected  even  when  the  water  is  initially  free  from  turbidity. 

Houston  ("Third  Report  on  Storage  of  River  Water  antecedent  to  Filtration  ") 
suggests  30  days'  storage  previous  to  filtration,  as  the  best  period  for  Thames 
wxter,  and  it  may  be  inferred  that  a  shorter  period  would  in  most  cases  (other 
than  the  Thames)  suffice  to  secure  all  the  advantages  anticipated  from  storage. 
The  usual  figures  in  British  practice  are  two  to  three  days'  sedimentation  ; 
or,  where  the  rejection  of  the  turbid  water  which  comes  down  with  floods  is  desired, 
10  or  12  days'  storage  suffices.  Thus,  in  ordinary  circumstances,  to  or  [3  days' 
sedimentation  is  procured.  American  engineers  are  usually  satisfied  with  one 
day's  sedimentation,  but  the  more  modem  installations  are  provided  with 
sedimentation  basins  of  two  or  even  three  days'  capacity. 

German  practice  is  usually  satisfied  with  24  hours'  sedimentation,  but  it 
must  be  remembered  that  the  working  of  filters  in  Gemnany  is  a  matter  of 
official  regulation,  and  that  the  maximum  permissible  filtration  velocity  is 
scMnewhat  low  when  compared  with  that  usual  in  other  countries.  Thus,  it  b 
quite  possible  thai,  were  greater  latitude  given  to  German  engineers,  they 
wouM  find  a  longer  period  of  sedhtientation  economically  justified. 

Where  polluted  or  turbid  water  occurs  at  definite  seasons,  a  storage 
rctfervoir  of  sufficient  capacity  to  allow  of  the  rejection  of  this  bad  water,  is  a 
very  useful  adjunct^  and  can  be  used  as  a  sedimentation  basin  at  other  periods. 
In  the  Nile,  for  example,  during  the  first  rise  of  the  flood  each  year  the  river  is 
heavily  charged  with  fsecal  matter  washed  from  the  newly  covered  banks. 
Since  11  days'  storage  would  piennit  an  entire  rejection  of  this  polluted  water, 
and  since  the  normal  Nile  water  is  but  slightly  polluted,  it  is  plain  that  this 
amount  of  storage  would  permit  a  far  less  efficient  filtration  plant  than  is  now 
required' to  secure  good  results  throughout  the  year. 

A  consideration  of  these  figures  shows  that  when  coagulation  processes  are 
not  apphed  about  24  hours'  sedimentation  may  be  taken  as  the  minimum 
period,  and  that  we  may  then  expect  to  secure  a  deposition  of  25  to  50  per 
cent,  of  the  suspended  matter  in  unfavourable,  and  90  to  99  per  cent,  in 
favourable  cases.  The  accompanying  diminution  in  bacterial  content  is  some- 
what less  variable,  and  may  be  taken  as  ranging  between  60  and  9$  per  cent, 
if  the  water  is  markedly  turbid.  In  clear  waters,  however,  it  is  doubtful 
whether  24  hours'  sedimcirtation  has  any  noticeable  effect  on  the  number  of 

An'  increased  period  of  sedimentation  is  indicated  in  the  case  of  muddy 
and  heavily  polluted  waters,  such  as  are  found  at  Shanghai,  where  two 
dttys*  sedimentation  is  allowed,  and  more  would  be  advantageous.    For  very 
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clt«T  wBtere,  particularly  those  that  have  already  been  stored;  special  sedi- 
mentation appears  to  be  quite  useless. 

A  scientific  iDvestigaCion  of  the  subject  would  treat  the  constructim)  of  the 
filten  and  the  period  of  sedimentation  as  mutually  dependent,  bUt  the  requisite 
stMiatics  are  not  available.  ■  The  general  principles,  however,  are  plain.  The 
finer  the  fiher  sand)  and  the  thidccr  the  layers,  (he  shorter  the  period  of 
sedimentation  required  to  produce  good  bacterial  results,  although  it  must 
always  be  understood  that  fitters  of  fine  sand  need  more  frequent  cleansing, 
and  are  Hiercfore  more  easily  worked  with  ample  sedimentation. 

The  question  is  intimately  connected  with  the  valae  of  land,  and  where  land 
is  cheap  the  presettt  practice  [which  is  the  outcome  of  experience  in  localities 
where  Ismd  is  generally  dear)  should  not  be  too  ck>sely  followed,  and  at  least 
twice  the  usual  sedimentation  can  be  given  with  advantage. 


Sketch  No.  145.— Albany  Sedimentation  Badn. 

Construction  of  Stdimentation  Basins.- — Depth  seems  to  have  but  little  in- 
fluence on  the  efficiency  of  a  sedimentation  basin.  Thus,  a  deep  basin  is 
indicated.  Since  pollution  by  the  subsoil  water  can  usually  be  regarded  with 
eqnanimity,  careful  precautions  against  leakage  from  the  outside,  such  as  are 
provided  in  filters,  or  service  reservoirs,  are  unnecessary. 

The  best  design  is  a  tahk  with  sloping  sides,  say  2  to  I,  or  3  to  I,  according 
ta  the  character  of  the  soil,  paved  with  slabs  of  concrete  of  the  type  used  at 
Staines  <see  p.  331). 

The  bottom  of  the  basin  should  be  covered  with  6  inches  to  i  foot  of  con- 
crefe,  laid  at  a  slope  of  I  in  too,  and  smoothly  rendered.  It  is  then  fbund  that 
the  deposited  silt  is  very  easily  and  rapidly  removed  with  squeegees,  assisted 
by  a  stream  of  water  from  a  hose  (Sketch  No.  145). 

TTie  action  on  bacteria  in  sedimentation  is  entirely  diffin«nt  from  that  pro- 
duced by  a  long  storage  of  Curly  dear  water,  of  slow-sand  filtration.  In  the 
IMter  methods  the  bacC6ria  are  destroyed.     In  sedimentation,  however,  the 
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bacteria  BCcumnlate  in  the  silt  deposit,  and  although  individual  species  may 
die,  the  general  result  is  a  rapid  increase  in  numbeis,  and,  if  the  silt  deposit  is 
disturbed,  they  may  again  be  distributed  throughout  the  water.  We  are  not,  as 
yet,  precisely  aware  how  coagulation  alone,  or  coagulation  followed  by  rapid 
filtration,  affects  bacteria.  In  certain  cases  it  is  believed  that  they  are  partly 
destroyed,  but,  as  a  rule,  we  must  assume  that  the  bacteria  are  not  destroyed  in 
these  processes,  but  accumulate  in  the  wash  water,  or  silt  deposits.  The  matter 
is  not  so  frightful  as  the  idea  of  a  concentrated  deposit  of  bacteria  might  at  first 
sight  appear.  Disease-producing  genns  are  not  highly  resistant  fbnns  of  life, 
probably  the  majority  die  very  rapidly  ;  and,  moreover,  no  one  is  likely  to  drink 
a  semi-liquid  mud.  The  real  importance  lies  in  the  indication  that  systunatic 
cleaning  of  the  sedimentation  basins  is  necessary,  and  that  the  present  practice 
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Skitch  No.  146.— Convection  Cunent*  in  SedimenUtioD  Bwins. 

of  cleaning  when  you  "must,"  should  be  superseded  by  routine  cleanings  at 
stated  intervals. 

The  velocity  with  which  the  water  passes  through  a  sedimentation  basin 
should  not  exceed  four  or  five  inches  per  minute  when  reckoned  on  the  quantity 
of  water  passing  per  minute  divided  by  the  area  of  the  cross-section  of  the  basin 
normal  to  the  general  direction  of  flow.  In  practice  these  velocities  arc  rarely 
exceeded,  and  about  i}  inch  per  minute  represents  the  average  velocity.  Both 
the  inlet  and  outlet  to  the  basin  should  be  of  such  a  character  that  localised 
currents  are  prevented.  Sketch  No.  146  shows  a.  typical  method,  and  also  the 
provision  necessary  to  prevent  differences  in  tempetature  from  influencing  the 
working  of  the  basin. 

In  the  hot  weather,  when  the  entering  water  is  cooler  than  that  in  the  sedi- 
mentation basin,  the  oudet  screen  is  let  down  on  to  the  floor  of  the  ba»n,  so 
that  the  outlet  draws  from  the  warmer  upper  layers  of  water  which  are  thow 
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which  have  been  longest  in  the  basin.  In  the  winter,  the  warmer  incoming 
water  tends  to  float  on  the  colder  layers,  and  sedimentation  is  therefore  less 
efficient.  This  is  partially  cured  by  raising  the  outlet  screen,  so  that  the  outlet 
draws  from  the  bottora  of  the  basin.  The  width  between  the  screen  and  the 
wall  Ehould  be  so  calculated  that  the  velocity  of  the  rising  water  is  not 
sufficiently  great  to  lift  up  the  silt  deposits. 

Clay  particles  of  equal  size  probably  fall  more  slowly  than  quarti,  and  special 
experiments  must  be  made  before  the  6nal  design  of  the  basin  can  be  deter- 
mined. Wiley  states  that  d=o-ay^i^,  where  d,  is  the  diameter  of  a  particle 
in  millimetres,  and  v,  is  its  velocity  of  fall  in  millimetres  per  second.  The 
experiments  were  made  on  particles  of  soil  between  0*012  nun.  [0*00048 
inches)  and  0*075  mm.  (0*003  inches)  diameter,  t.«.  particles  which  settle  in 
a  reasonable  period.  The  formula  is  incorrect  for  markedly  smaller  particles. 
If  d,  be  expressed  in  hundredtba  of  an  inch  and  t,  in  incbca  per  Mcond  we  get 
d=o*969WT. 

The  constructional  details  of  a  sedimentation  basin  are  very  similar  to  those 
of  a  storage  reservoir  (see  p.  618).  Except  in  very  cold  dinutes  the  arched 
covering  is  not  required.  It  might  also  be  inferred  that  since  leakage  is  less 
detrimental  the  walls  and  sides  might  with  safety  be  made  thinner.  In  practice 
this  is  not  generally  the  case.  The  reason  is  intimately  connected  with  the 
fimction  of  the  two  works.  Service  reservoirs  are  placed  on  hilltops,  and  there- 
fore in  well'drained  soils,  while  sedimentation  basins  are  placed  in  low-lying 
situations,  and  are  therefore  exposed  to  external  ground  water  pressure. 

Hazen  [Xrani.Am.  Soc.  ofC.B^\o\.  53, p.  40) has  endeavoured  to  treat  the 
question  of  the  size  of  sedimentation  basins  in  a  logical  manner.  The  whole 
arguinent  is  rendered  defective  by  the  fact  that  he  considers  each  particle  as 
falling  independently,  and  does  not  allow  for  the  action  of  the  larger  particles 
in  dragging  down  the  smaller  ones.  For  this  reason  I  consider  that  his  views 
concerning  the  advantages  of  shallow,  as  opposed  to  deep,  basins  are  not 
entirely  correct.  The  principle  laid  down,  however,  that  the  time  which  the 
water  takes  to  pass  through  the  basin  should  be  some  multiple  of  the  time  which 
the  sediment  takes  to  settle  through  a  space  equal  to  the  depth  of  the  Iwsin  is 
correct,  provided  that  for  the  depth  of  the  basin  we  substitute  the  space  which 
the  particles  fell  through  before  they  have  clotted  together  into  relatively  large 
masses.  Allowing  for  this  modification,  it  would  appear  that  successful 
American  practice  agrees  very  fairly  well  with  the  rule:  The  capacity  of 
the  sedimentation  basin=35  to  50  times  the  period  of  clotting  together 
of  the  particles,  as  ascertained  experimentally  in  tubes  of  6  to  8  feet  vertical 

The  rule  is  rough,  as  no  particulars  are  given  of  the  relative  efficiency  of  the 
basins ;  but  it  has  the  practical  advantage  that  if  the  turbidity  is  of  such  a 
character  that  a  6  or  S  foot  fall  through  still  water  does  not  produce  any  marked 
clotting,  plain  sedimentation  is  almost  useless,  and  coagulation,  or  some  other 
method,  must  be  employed  to  deal  with  the  turbidity. 

Coagulation.— Sedimentation  does  not  produce  any  very  great  improve- 
ment in  a  water  unless  it  contams  a  sufficient  proportion  of  rapidly  falling 
particles  to  carry  down  a  large  proportion  of  the  srnall  particles  which  are  detri- 
mental to  filters,  and  which  fall  very  slowly  by  themselves.  In  waters  where 
the  latter  particles  are  deficient,  ordinary  sedimentation  has  but  little  elTecL 
Consequently,  in  such  waters  it  is  necessary  to  produce  a  rdpid  fall  of  the  small 


ly  Google 


556  CONTROL  OF  WATER 

partid«  by  artificial  means.  The  most  usual  method  ia  to  introduce  into  the 
water  a  gummy,  adhesive  substance,  which  collects  in  flocks,  to  which  the 
particles  adhere,  and  then  falls  more  or  less  rapidly  to  the  bottom  of  the  sedi- 
mentation basin  or  coagulating  tank.  The  process  may,  in  fact,  be  regarded  as 
passing  a  filler  through  the  water,  in  place  of  passing  the  water  through  a  filter. 
The  gummy,  adhesive  substance  is  produced  by  chemical  rcacrions  which  are 
set  up  in  the  water  by  the  addition  of  various  salts.  The  added  salt  is  usually 
termed  the  coagulant,  and  the  flocky  precipitate,  or  falling  substance,  is  referred 
to  as  the  coagulating  substance. 

The  coagulating  substance  is  produced  by  the  reaction  of  the  coagulant  whh 
certain  dissolved  substances  contained  in  the  raw  water,  and  the  chemistry  of 
this  reaction  requires  consideration. 

The  chemical  reactions  are  separately  discussed  under  each  coagtilation 
process,  and  in  each  case  it  will  be  found  that  the  "  alkalinity  "  of  the  raw  water 
is,  chemically  considered,  the  most  important  factor  in  the  reaction- 

In  practice,  coagulation  is  usually  only  a  'portion  of  the  complete  process  of 
water  purification,  being  a  preliminary  to  filtration  either  by  slow-sand  or 
mechanical  fitters,  and  it  is  only  occasionally  that  coagulation  alone  is  considered 
to  produce  a  satisfactory  water. 

Thus,  the  details  of  coagulation  processes  will  be  found  lo  be  largely  inftu- 
enced  by  the  treatment  which  the  water  afterwards  undergoes,  and'tbe  consequent 
differences  in  the  methods  adopted  will  be  indicated  as  exactly  as  our  present 
knowledge  permits. 

Alkallnl^, — The  alkalinity  of  a  water  is  a  convenient  term  for  that  portion 
of  the  temporary  hardness  which  reacts  with  a  coagulant  such  as  aluminium,  or 
ferrous  sulphate,  or  with  slaked  lime,  in  a  period  that  is  sufficiently  short  to  be 
practically  useful  in  the  coagulating  or  water-softening  process. 

The  chemical  process  (usually  referred  to  as  Hehncr's  process)  geneirily 
employed  by  chemists  in  ascertaining  the  hardness  of  water  determines  the 
temporary  hardness  (reported  as  alkalinity,  if  this  term  is  used  by  the  chemist) 
as  so  many  parts  of  calcium  carbonate  per  100,000.  The  alkalinity,  however, 
may  exist  in  the  following  forms ; 

(i)  CaCOg  (not  more  than  three  parts  per  100,000). 

(ii)  Ca(HCOg),  <■.«.  carbonate  and  "bicarbonate"  of  lime. 

(iii)  MgCO,.  ' 

(iv)  Mg(HCOi)j,  I.e.  carbonate  and  bicarbonate  of  magnesia. 

(v)  Na,COa,  carbonate  of  soda. 

If  this  last  exists,  there  can  be  no  permanent  hardness  in  the  ivater. 

From  the  point  of  view  of  an  engineer  engaged  in  coagulating  or  softening 
the  water,  the  magnesia  salts  are  unfavourable.  The  reactions  producing  water 
softening,  or  coagulation,  do  occur  with  magnesia  alkalinity,  but  they  take  time, 
and  in  practice  it  may  be  stated  that  the  alkalinity  produced  by  magnesia  is 
only  about  one-half  as  effective  as  the  same  weight  of  alkalinity  produced  by 
lime  or  soda.  The  statement  is  a  rough  one,  as  a  great  deal  depends  on  the 
size  of  the  coagulation  and  sedimentation  basins. 

Taking  the  case  of  lime  alkalinity,  we  have  as  follows : 
(d)  With  alumina  sulphate  ; 

A/f(S04)j+3Ca(HCOs),-A/,{HO),4  3CaSO,-(-6CO, 
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ip")  With  ferrous  sulphate: 

FeSO<+Ca{HCO,),=Fe(HO)j+CaSO,+2CO, 
Similar  reactions  occur  with  m^fnesia  aljojinity,  but  lake  time. 
(f)  With  lime : 

Ca(0H),+Ca{HC0,),=aCaC0,+2H,0 

With  magnesia  alkalinity  the  above  reaction  occurs  slowly,  and  Iheii  the 
reaction : 

MgfCO,) + Ca(OH),  -  CaC08+ Hg(OH), 

Thus,  remembering  that  alkalinity  ts  reported  in  parts  per  100,000  of  CaCOg, 
»K  obtain  the  following  table  for  lime  alkalinity: 


ONE   PART  OF  LIME  ALKALINITY  PER   100,000   REACTS   WITH 
PARTS  PER  100,000  OF 


|.       AlDodiui  Salphxe. 

Ferrous  StUphM.. 

Lhae. 

1  Dry  Salt. 

CiysUllised  Salt. 

DrySdl. 

Crystallised  Salt. 

Caustic  Lime. 

Slaked  Lime. 

I -14 

j 

j    4'99 

2-22           '    i"S2                a'78 

Gruns  per  Cube  Foot  of  Waler. 
972          1    6-66    1        1216 

1         1 

o-s6 
2-45 

074 

Similarly,  if  time  were  '^ven,  the  magnesia  atk^intty  would  react  In  the 
same  proportions,  except  that  the  quantities  of  lime  would  be  doubled.      ' 

More  definite  information  concerning  the  complications  produced  by  finely- 
divided  turbid  matter,  etc.,  is  given  when  the  various  processes  arc  discussed^ 

As  a  rule,  however,  any  further  information  must  be  obtained  by  special 
experiment  on  the  water  considered.  If  the  problem  is  put  before  a  chemist, 
the  proportion  of  the  magnesia  alkalinity  that  reacts  in  i  hour,  3  hours,  3  hours, 
etc.,  can  be  ascertained,  but  it  is  necessary  to  check  these  determinations  by 
large  scale  (say  2oo  gallons  of  water)  experiments. 

Although  the  chemically  determined  alkalinity  of  a  river  usually  varies  from 
day  to  day,  the  ratio  of  the  lime  and  magnesia  salts  does  not  vary  to  anything 
like  10  mailced  a  degree. 

Thus,  let  us  assume  that  a  water  contains  10  parts  per  loo/xxi  of  alkalinity, 
of  which  4  parts  are  in  reality  produced  by  magnesia. 

The  water  softening  reaction  (<:)  can  be  calculated  as  follows  : 

Temporary  hardness,  10  parts,  equivalent  to  .    yto  parts  of  caustic  lime 
Additional  for  4  parts  of  magnesia  haidness  .    234  „  „ 

Total  reaction  equivalent  .        .        .    7-84  „  „ 
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Thus,  tbe  complete  precipitation  of  the  lo  parts  of  temporary  hardness  re- 
quires 7*84  parts  per  100,000,  or  34*3  grains  of  lime  per  cube  foot,  and  the  correct 
dose  of  caustic  lime  may  be  anything  from  (6)(o'56x4'375)=  147  grains,  to 
34'3  grains  per  cube  foot,  according  to  the  size  of  the  softening  basin,  tbe  fitst 
figure  corresponding  to  the  removal  of  all  the  lime,  and  no  magnesia,  temporaiy 
hardness  (which  would  be  produced  almost  instantaneously),  and  the  last  figure 
to  the  total  removal  of  all  temporary  hardness  (which  would  probably  not  be 
attained  in  less  than  48  hours).  If  the  coagulation  basin  were  of  say  6  hours' 
capacity,  it  is  probable  that  23  to  36  grains  per  cube  foot  would  be  a  correct 
dose,  hut  once  the  exact  figure,  say  25  grains,  is  ascertained,  we  may  rest 
assured  that  for  this  particular  water,  and  for  this  particular  size  of  coagulation 
basin,  tbe  rale,  a'S  grains  of  caustic  lime  per  cube  foot  per  part  of  alkalinity  per 
100,000,  will  never  be  very  far  wrong,  and  that  variations  in  the  temperatufe 
of  the  water  will  probably  have  more  effect  in  altering  the  correct  dose  of  lime, 
than  any  variation  in  the  chemical  composition  of  the  alkalinity. 

For  tbe  coagulation  processes  (a),  and  {b\  the  question  is  not  so  acute.  We 
do  not  usually  wish  to  remove  all  the  alkalinity,  but  merely  wish  to  employ  a 
certain  portion  in  order  to  produce  a  coagulating  precipitate.  Also,  if  the 
alkalinity  Is  deficient,  lime  can  always  be  added.  Thus,  the  distincticm  between 
lime  and  magnesia  alkalinity  is  by  no  means  so  important,  and,  judging  by 
certain  experiments  of  my  own,  the  reactions  of  the  coagulants  with  magnesia 
alkalinity  usually  proceed  with  sufficient  rapidity  for  practical  purposes. 
Exceptions  do  occur  in  very  cold  water  (say  under  40  degrees  Fahr.)  where 
only  magnesia  alkalinity  is  present.  I  was  then  unable  to  produce  a  satisfactory 
coagulating  precipitate  with  alumina  sulphate  in  less  than  two  hours,  but,  as  tbe 
lime  alkalinity  had  been  specially  removed,  the  fact  is  not  likely  to  cause 
trouUe  in  practice. 

Sulphate  of  Alumina  Procen — The  typical  coagulant  is  sulphate  of  alumina. 
This  chemical,  when  added  to  a  water  containing  lime  or  magnesia  alkalinity, 
breaks  up  into  sulphuric  acid  (which  unites  with  the  lime)  and  aluminum 
hydrate.  The  hydrate  collects  in  gelatinous,  llocculent  masses,  and  gathers  up 
tbe  particles  suspended  in  the  water.  Tbe  sticky  film  thus  formed  adheres  to 
the  top  layer  of  sand  in  the  filter,  and  there  makes  an  artificial  Schmutxdeckc 

The  details  of  the  reaction  require  consideration.  In  the  first  pla<»,  there 
must  be  sufficient  alkalinity  in  the  water  to  decompose  the  alumina  sulphate, 
and  form  an  adequate  amount  of  precipitate.  Secondly,  clay  particles  appear 
to  unite  with  a  certain  quantity  of  aluminum  hydrate  and  deprive  it  of  coagulat- 
ing [Koperties.  Thus,  in  turbid  waters,  a  larger  quantity  of  coagulant  is 
required  to  produce  the  same  quantity  of  coagulating  precipitate  than  in  clear 
waters.  In  very  turbid  water,  containing  but  litde  alkalinity,  it  may  be  necessary 
to  add  lime  in  order  to  provide  a  suffideot  degree  of  "  alkalinity,"  to  decompose 
the  total  quantity  of  sulphate  required  both  to  unite  with  the  day  particles  and 
to  furnish  the  quantity  of  coagulating  precipitate  required  to  carry  down  the 
turbidity. 

Tbe  relation  between  tbe  turbidity  and  quantity  of  sulphate  of  alumina 
required  to  produce  effective  coagulation  depends  considerably  on  the  physical 
character  of  the  turbidity,  the  amount  of  sedimentation  previous  to  coagulation, 
and  the  method  of  filtration  afterwards  adopted, 

As  an  example,  1  give  the  three  methods  experimented  with  at  Cincinnati, 
and'tbe  two  at  New  Odeans : 
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Turbid- 
UyP«tt« 

Giaim  of  Alumina  S 

Iphate  per  Cube  Foot 

New  Orleans. 

K..«.  at,. 

\  I'M 

% 

Rapid  FUten. 

•tion. 

m 

NoSedi- 
mcDtation. 

filtntioD. 

lo 

5-6 

»s 

... 

9*4 

50 

1 1 '3 

75 

9-8 

14-6 

■3'9 

100 

ii-a 

13-0 

i6-5 

■5'7 

3-7S 

"5 

la-o 

■3'S 

i8-4 

i7-« 

■SO 

ia-8 

ISO 

t9-9 

■  8-4 

"S 

7 '5 

■75 

135 

■5-8 
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In  view  of  these  figures,  the  principles  are  lairly  obvious.  A  mechanicBl 
filter  needs  more  coagulant  for  proper  working  than  a  sand  filter,  and  previous 
ledimentation  produces  a  certain  economy  in  co^^ulant,  although,  in  some 
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cases  (when  sedimentation  has  removed  a  portion  of  the  turbidity)  the  water 
may  require  more  coagulant  than  a  raw  water  which  has  not  been  allowed 
to  deposit  any  portion  of  its  turbidity,  and  is  as  turtnd  as  the  sedimented 
water  becomes  after  sedimentation. 

The  efficiency  of  pre -sedimentation  is  most  marked  in  clay-bearing  waters, 
containing  a  large  proportion  of  their  turbidity  in  the  form  of  very  small 
particles  (say  under  0*0005  inches  in  diameter).  Such  waters  are  capable  <X 
decomposing  alumina  sulphate,  with,  it  is  believed,  the  formation  of  alumina 
silicate,  which  is  useless  as  a  coagulant.  The  advantage  gained  by  pte- 
sedimentation  in  such  cases  is  well  illustrated  by  the  figures  for  New  Orleans. 
In  Cincinnati,  the  improvement  is  less  marked,  since,  although  the  turbidity  has 
been  reduced  by  sedimentation,  the  portion  which  is  still  in  suspension  plainly 
decomposes  the  coagulant  to  a  far  greater  degree. 

It  win  also  be  clear  that  both  the  time  allowed,  and  the  precautions  taken  to 
ensure  a  good  coagulation,  are  of  great  importance.  The  figures  given  may  be 
taken  as  covering  the  most  unfavourable  cases  that  are  likely  to  occur,  and 
economy  both  in  chemicals,  and  time  required  for  coagulation,  can  be  secured 
by  adding  the  coagulant  in  two  doses,  as  later  explained. 

The  figures  given  in  Hazen's  schedule  (Column  No.  1)  (Engituering  Recardt 
June  37,  1908}  should  be  attained  under  ordinary  working,  when  the  operator 
becomes  accustomed  to  local  peculiarities ;  although  on  mdividual  days 
variations  of  30  to  40  per  cent,  may  occur.  Those  figures  given  as  "Favour- 
able" (Column  No.  3)  should  be  considered  as  attainable  by  good  m^ng 
under  average  conditions  (sec  p.  575). 

It  must  be  remembered  that  economy  in  chemicals  can  be  carried  so  &ras 
(o  cause  the  filters  to  require  cleaning  more  frequently  than  is  desirable,  and  a 
cautious  increase  in  the  quantity  of  coagulant  added,  up  to  as  much  as  10  per 
cent  in  excess  of  the  figures  given  by  Hazen,  will  frequently  cause  a  mechanical 
filter  to  run  from  15  to  20  per  cent,  longer  without  requiring  cleaning. 

The  above  results  are  nearly  all  drawn  from  American  practice. 

The  work  of  Schreiber  at  Berlin,  and  of  Bitter  at  Alexandria,  indicate  that 
turbid  waters  can  be  treated  with  quantities  of  chemical  equal  to  those  given  by 
Hazen's  rule,  the  variations  observed  being  well  within  the  extreme  results  of 
good  American  practice. 

When  applied  to  clear  waters,  however,  large  increases  may  be  necessary  in 
order  to  obtain  the  best  bacterial  results,  and  no  rule  can  be  given  other  than 
that  the  presence  of  algx  is  unfavourable  to  an  economy  in  coagulant. 

The  maximum  quantity  of  aluminium  sulphate  that  can  theoretically  be 
usefully  added  in  order  to  produce  coagulation  is  determined  by  the  alkalinity 
in  the  water  ;  and  when  (which  is  very  rarely  the  case)  the  above  tables  show 
a  deficiency  in  alkalinity,  lime  must  be  specially  added. 

The  reaction  is  represented  by  the  equation : 

A/jCSO,). + 3Ca(HCO,), = 3CaS0(+ A/,(H0),+6C0, 
i^.  temporary  hardness  is  changed  Into  permanent  hardness,  and  342  parts  of 
alumina  sulphate  react  with  300  parts  of  carbonate  of  lime  as  bicarbonate,  or, 
with  132  parts  of  semi-free  carbonic  acid. 

As  a  matter  of  fact,  commercial  alumina  sulphate  contains  nearly  50  per 
cent,  of  water,  the  theoretical  formula  for  the  crystallised  salt  being : 
A/,(S0*),-t-j8H,O 
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Coosequeutly,  ai^mucitnately  666  paiU  react  with  300  parts  of  cubonate,  as 
bicarbonate,  etc.,  or  roughly,  fi  parts  per  part  of  alkaliaily. 

Hence,  we  find  that,  corresponding  to  an  alkalinity  of  one  part  per  100,000 
(asGUHied  *s  entirely  lime  alkalinity),  about  97  grains  of  alumina  sulphate  per 
cube  foot  is  the  maximum  quantity  that  can  be  decomposed. 

In  practice,  owing  to  decomposition  by  clay  particles,  the  theoretical  quantity 
is  almost  invariably  exceeded. 

Allowing  for  the  fact  that  commercial  alumina  sulphate  may  contain  slightly 
UMre  ibao  the  theoretical  quantity  of  the  dry  salt,  it  may  be  slated  that  even 
the  very  clearest  water  can  decompose  9'o  grains  of  commercial  salt  per  cube 
foot  of  water  for  every  part  of  alkalinity  per  100,000  which  the  water  contains. 
The  figure  9*0  becomes  lo,  or  even  11  in  more  turbid  waters.  Practically, 
however,  owing  lo  difficulties  in  securing  complete  mixture  and  the  time  taken 
to  complete  the  reaction,  it  does  not  appiear  advisable  to  reckon  on  decompos- 
ing much  more  than  80  per  cenL  of  the  quantity  given  by  these  figures.  There- 
fore, if  we  wish  to  ascertain  the  amount  of  precipitate  in  a  coagulating  state,  it 
is  best  to  calculate  it  as  corresponding  to  S'o  grains  of  coagulant,  or  i'8  to  i'9 
grains  of  aluminium  hydrate  per  cubic  foot  of  water  per  i  part  of  alkalinity  per 
100,000  in  the  water. 

The  final  result  of  the  process  is  that  temporary  hardness  (or  "  alkalinity  ") 
is  replaced  by  permanent  hardness,  and  carbonic  acid  is  set  free  in  the  water. 
The  water  produced  is  therefore  relatively  more  pleasant  to  drink,  and  is  more 
palatable  than  would  be  the  case  were  the  same  natural  water  treated  by  a  non- 
chemical  process  of  purilicalion  (such  as  slow  sand  filtration),  but  is  less  suitable 
for  use  in  boilers,  or  for  most  trade  purposes.  It  is  also  more  likely  lo  attack 
and  corrode  unprotected  metals,  although  this  defect  can  be  easily  removed  by 
treatment  with  lime,  if  considered  advisable. 

In  any  given  case,  the  alkalinity  should  be  measured,  and  the  quantity  of 
coagulant  decomposed  should  be  ascertained  by  experiment.  AIlQwances  for 
variations  in  the  lime-nugnesia  ratio  can  then  be  made  if  necessary. 

The  necessity,  or  otherwise,  for  the  addition  of  lime  can  thus  be  ascertained. 

The  coagulant  being  added,  the  process  should  be  directed  more  with  a  view 
to  the  removal  of  bacteria,  than  to  that  of  turbidity.  In  comparatively  clear 
waters  (as  at  Cincinnati),  the  period  of  coagulation  appears  to  have  little  effect ; 
while,  in  turbid  waters,  time  is  important,  and  incrfiasing  the  period  from  a 
half  to  six  hours,  or  even  longer,  promotes  the  removal  both  of  bacteria  and 
turbidity. 

The  crucial  point  of  the  method  is  not  so  much  the  time  of  subsidence  or 
coagulation:  these  are  quite  minor  matters  compared  with  the  care  taken  in 
correctly  adjusting  the  quantity  of  coagulant. 

Broadly  speaking,  it  would  appear  that  the  following  is  the  most  efficient 
method.  Add  one-half  to  three-quarters  of  the  amount  of  coagulant  required  ; 
allow  the  precipitate  lo  subside  for  a  period  varying  fiDm  half  an  hcHv,  for 
waters  of  say  10  parts  per  1,000,000  turbidity,  up  lo  six  hours  for  500  parts  per 
1,000,000  ;  then  add  the  remainder  of  the  coagulant,  and  6iter. 

It  will  therefore  be  evident  that  the  consulting  engineer  has  less  control  over 
the  process  than  the  supervisor.  The  best  that  the  engineer  can  do  when 
desiring  for  a  water  the  characteristics  of  which  are  not  well  known,  is  to  give 
the  man  who  works  it  as  much  power  to  alter  conditions  as  is  consistent  with 
economy,  and  to. insist  on  the  services  of  a  highly  efficient  supervisor. 
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The  method  in  which  the  water  is  coagulated,  i.e.  the  character  of  the  motion 
forced  on  tbe  water  in  the  coagulating  basins,  is  of  importance.  So  far  as  my 
experience  goes,  the  best  results  are  not  obtained  by  absolutely  qniel  water,  nor 
by  a  turbulent  motion  over  weirs  or  cross  walls,  but  by  a  quiet  swirling  motion, 
just  sufficient  to  bring  the  particles  of  precipitate  into  contact ;  but  not  suffici- 
ently violent  to  destroy  the  flocks  when  formed.  Motion  of  this  character  is 
best  obtained  by  causing  the  water  to  move  with  a  velocity  of  approximately 
3  inches  per  minute.  This  should  be  quicicened  up  to  say  1  feel  per  minute 
about  six  times  in  the  whole  coagulation  period,  by  means  of  cross  walls  wHh 
submerged  apfcrtures.  Very  good  results  are  also  obtained  by  circulation  in 
spiral  channels  the  depth  of  which  increases  towards  the  exit. 

It  will  be  noticed  that  the  weak  point  in  the  alumina  sulphate  coagulatioii 
process  is  the  possibility  of  the  water  not  containing  sufiicieDt  alkalinity  to 
decompose  the  quantity  of  aluminium  sulphate  required  to  produce  adequate 
precipitation,  and  so  to  properly  coagulate,  and  collect  the  turWd  mmtter. 
Such  a  de6ciency  of  alkalinity  should  not  give  bad  results,  as  a  careful 
supervisor  should  be  able  to  recognise  the  defect,  and  should  supplement  it 
by  the  addition  of  lime,  or  carbonate  of  soda. 

The  designer  should,  however,  arrange  the  piping  systems  so  as  to  permit 
the  addition  being  made  without  special  arrangements  having  to  be  resorted  to. 
The  necessity  will  probably  arise  without  any  warning,  and  the  supervisor's 
attention  should  not  be  distracted  by  the  provision  of  some  temporary 
makeshift. 

This  consideration  is  even  more  urgent  in  cases  where  the  primary  object  of 
coagulation  is  the  removal  of  colour,  rather  than  turbidity.  Coloured  waters 
are  frequently  deficient  in  alkalinity.  The  complete  precipitation  of  the  colour- 
ing matter  by  aluminium  hydrate,  may  consequently  require  far  more  hydrate 
than  the  untreated  water  can  produce.  Thus,  the  addition  of  lime  may  become 
a  normal  feature  of  the  treatment  (in  the  case  of  the  removal  of  turbidity  it  is 
doubtful  whether  the  addition  of  lime  will  be  required  for  more  than  30  days  in 
each  year).  In  such  cases  aluminium  chloride— which  is  stated  to  decompose 
into  aluminium  hydroxide  more  readily  than  the  sulphate— has  sometimes 
piroved  a  useful  coagulant.  As  a  rule,  however,  ferrous  sulphate  and  lime  foim 
the  best  coagulant  when  the  natural  alkalinity  is  deficient,  although  conditions 
exist  where  aluminium  hydrate  forms  a  better  precipitant  of  colouring  matter 
than  ferrous  hydrate  ;  but  it  is  believed  that  these  are  very  rare.  Usually  the 
failures  of  either  process  in  removing  colouring  matter  may  be  considered  to  be 
due  to  the  chemical  reactions  not  being  properly  considered  ;  either  the 
necessity  for  extra  lime  is  not  realised,  or  the  water  is  not  sufficiently  turlnd  to 
produce  nuclei  for  the  coagulant  to  adhere  to,  which  can  easily  be  provided 
against  by  the  addition  of  powdered  clay. 

Tbe  chemical  principles  underlying  the  question  of  adding  lime,  or  replacing 
aluminium  sulphate  by  aluminium  chloride,  are  very  well  illustrated  by 
Whipple  (JJic  afnon-basie  alum  in  connection  with  Afechanical  FiltreUion)  who 
has  very  clearly  shown  that  an  aluminium  sulphate  possessing  theoretical 
constitution,  AI,(SOi)g.i8H)0,  is  inferior,  as  a  coagulant,  to  what  is  commercially 
known  as  basic  alum. 

A  salt  possessing  the  above  constitution  contains  iS'ji  per  cent,  by 
weight  of  AI|Oj,  and  36  per  cent,  of  SO,. 

In  the  "basic  slum"  the  first  quantity  is  increased,  and  the  second  is 
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diminished,  so  that  a  certain  amount  of  AljOj,  is  not  combined  with  the  SOj, 
thus  Justifying  the  term  "basic." 

Whipple  recommends  the  following  as  a  useful  buying  specificalion  : 

The  basic  sulphate  shall  contain  at  lease  17  per  cent,  of  Al,Ot,  soluble  in 
water,  and  at  least  5  per  cent^  of  this  shall  be  in  excess  of  the  quantity 
theoretically  necessary  to  combine  with  the  S0»,  present. 

This  specification  defines  a  salt  which  will  produce  the  quantity  of 
aluminium  hydrate  required  for  coagulation,  with  the  least  possible  consumption 
of  alkalinity  existing  in  the  water. 

The  addition  of  lime,  or  the  substitution  of  aluminium  chloride  for  aluminium 
sulphate,  are  now  plainly  seen  to  merely  be  further  applications  of  the  same 
principle. 

Practical  />i7-^/zj.— Aluminium  sulphate  being  easily  soluble,  its 
solution  in  water  causes  but  little  difficulty.  It  is  usual  to  employ  some 
mechanical  stirring  arrangement,  in  order  to  prevent  variations  in  the  con- 
centration of  the  solution.  Very  good  results  are  also  obtained  by  permitting 
the  water  to  enter  the  bottom  of  the  solution  chamber,  and  flow  out  at  the  top, 
thus  rising  through  a  layer  of  sulphate  resting  on  a  grating.  In  such  cases,  it 
is  necessary  to  add  (about  twice  every  hour)  the  quantity  of  salt  that  will  be 
consumed  in  the  next  half-hour,  and  the  total  quantity  of  undissolved  salt  in  the 
chamber  should  not  be  less  than  about  2  hours'  consumption.  The  water  supply 
should  therefore  be  a.djusted  so  that  the  water  leaving  the  chamber  is  almost  a 
saturated  solution  of  aluminium  sulphate. 

In  very  lai^e  plants,  constant  mecbanicaj  feeding  of  the  sulphate  into  the 
dissolving  tank  is  sometimes  adopted,  but  the  complication  seems  hardly 
necessary, 

A  combination  of  the  upward  flow  method  with  a  second  mixing  tank 
containing  approximately  the  quantity  of  solution  used  in  one  hour's  working, 
will  evidently  prevent  any  sudden  variations  in  the  amount  of  salt  delivered. 
In  practice,  except  in  very  large  or  very  small  (one  filter)  plants,  the  supervisor 
is  usually  able  10  keep  the  quantity  of  salt  delivered  to  the  water  sufficiently 
under  control  by  adjusting  the  taps  regulating  the  supply  of  water  to  the 
dissolving  tank,  and  any  extra  tanks  or  stirrers  appear  to  be  unnecessary. 

Owing  to  the  action  of  the  solution  on  iron,  all  pipes  and  metal  exposed  to 
the  concentrated  solution  are  usually  of  brass. 

It  will  be  found  in  practice  that  the  best  place  for  the  addition  of  the 
coagulating  solution  depends  to  a  large  extent  upon  the  temperature  of  the 
water  and  air,  and  possibly  on  the  amount  of  dissolved  substances  in  the  water 
and  the  solution.  The  final  location  of  the  delivery  pipe  should  therefore  be 
left  for  the  supervisor  to  ascertain  by  e^tperlence.  At  first,  it  is  usually 
sufficient  to  deliver  the  solution  through  a  pipe  opening  into  the  centre  of  the 
entry  channel  of  the  coagulating  basin. 

In  two  very  successful  installations  the  centre  of  the  coagulating  basin  was 
the  location  finally  fixed  upon.  Distribution  was  effected  by  a  fountain  in  one 
case,  and  by  a  small  Barker's  mill  in  the  other. 

In  my  opinion,  most  of  the  present  installations  are  insufficiently  provided 
with  sedimentation  tanks  before  the  addition  of  coagulant,  as  also  with 
coagulating  basins  in  which  the  coagulating  process  occurs. 

The  general  rules  when  clarification  rather  than  bacterial  purification  is 
the  main    object  of  the   process,  are  as   follows  :    24  hours'  sedimentation 
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before  the  addition  of  coagulant,  and  a  coagulating  basin  of  ;,  to  6  hours' 
capacity. 

Such  an  installation  may  be  regarded  as  throwing  an  undue  share  of  work 
on  the  filters.  These,  being  patentable  articles,  have  been  developed  and 
improved,  so  as  to  afford  satisfactory  results  with  even  less  capacity  than  that 
stated  above.  1  believe  that  4  hours'  sedimentation  and  half  an  hour's 
coagulation  is  too  hard  for  any  Alter,  although  6  hours,  and  one  hour  appean 
10  be  quite  a  usual  design.  Obviously  much  depends  on  the  raw  water,  and 
on  the  popular  standard  of  a  satisfactory  fihrate, 

Any  economy  in  first  outlay  is  plainly  secured  at  the  cost  of  an  extra 
expenditure  in  washing  the  filters,  and  it  is  even  possible  that  additional 
filters  may  be  required  in  extreme  cases.  And,  for  this  reason,  the  advice  of 
filter  makers,  as  opposed  to  consulting  engineers,  should  not  be  too  readily 
followed. 

My  own  belief  is  that  an  engineer  should  consider  48  hours'  pre-sedimen(a- 
lion,  and  12,  to  IJ  hours'  coagulation  {in  which  should  be  included  not  only  the 
capacity  of  the  coagulating  basin,  but  also  that  of  [he  water  in  the  filters)  as 
justifiable,  in  places  where  land  is  cheap,  and  the  power  and  labour  used  in 
washing  the  filters  is  costly.  From  this  high  standard  we  can  work  down  to 
say  8  hours'  sedimentation,  and  2  hours'  coagulation,  which  forms  a  limit 
below  which  it  is  undesirable  to  go,  unless  unsatisfactory  results  may  occasion- 
ally be  permitted  in  order  to  secure  a  diminution  in  cost.  It  will  be  plain  that 
where  the  filters  are  washed  mechanically,  and  where  the  power  for  such  washing 
is  cheaply  obtained,  the  12  hours  and  6  hours  stated  as  common  are  probably 
justified  by  economical  considerations. 

Where  slow  sand  hiters,  cleansed  by  hand,  are  employed,  and  the  water  is 
initially  very  turbid,  the  48  hours  and  15  hours  may  require  to  be  exceeded. 
Engineers  contemplating  the  combination  of  slow  sand  filters  with  coagulation, 
should  consider  all  mechanical  filter  installations  as  insufficiently  provided 
with  sedimentation  and  coagulation  capacity.  It  is  also  necessary  when 
considering  the  adoption  of  any  proprietary  filters  or  processes  to  allow  very 
carefully  for  the  fact  that,  until  late  years,  the  success  of  all  processes  was 
judged  almost  entirely  by  the  physical  appearance  of  the  filtrate.  This  method 
of  judgment  is  by  no  means  entirely  obsolete,  and  while  bacterial  tests  are 
probably  more  systematically  employed  in  .\merica  than  in  England,  there  is 
little  doubt  that  an  engineer  who  copies  even  modern  American  practice 
blindly  in  an  Asiatic  installation  will  not  obtain  as  great  a  decrease  in  water- 
borne  death-rate  as  he  expects.  This  statement  must  not  be  construed  as 
adverse  to  the  adoption  of  American  methods  when  carefully  adapted  to  local 
conditions.  Three  of  the  five  Oriental  cities  that  I  consider  have  best  solved 
the  local  Bltration  problems  use  more  or  less  modified  American  processes,  and 
none  of  the  five  relys  exclusively  on  purely  British  methods. 

Ferrous  Sulphate  PROC£SS.~TKis  differs  from  the  alumina  sulphate 
process  in  that  ferrous  sulphate  is  employed  instead  of  alumina.  Except  in 
very  alkaline  waters,  such  as  are  rarely  used  for  human  consumption,  it  is 
necessary  to  add  lime  or  other  substances,  as  well  as  the  ferrous  sulphate,  in 
order  to  procure  a  coagulating  action  within  a  reasonable  period. 

The  infrequent  use  of  ferrous  sulphate  (as  compared  with  alumina  sulphate), 
may  be  attributed  to  the  difficulty  of  handling  the  two  chemicals.  As  already 
Staled,  coi^ulation  by  alumina  sulphate  requires  considerable  care.    When 
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therefore  the  su{>ervisor  of  the  coagulation  process  is  generously  allowed  two 
chemicals  {i.e.  lime,  and  ferrous  sulphate),  in  place  of  one,  to  niake  mistakes 
with,  it  is  hardly  a  matter  of  astonishment  if  the  one  chemical  process  is  found 
to  work  more  easily  and  regularly,  and  is  consequently  preferred. 

This  is  somewhat  unfortimate ;  as,  when  the  ferrous  sulphate  process  is 
correclly  worked,  it  produces  a  precipitate  which  is  in  every  way  belter 
adapted  for  coagulation.  Being  heavier,  it  collects  in  larger  flacks,  and  more 
rapidly.  It  also  appears  to  be  totally  unaffected  in  its  coagulating  properties 
by  clay,  or  other  turbid  substances.  It  is  brown  in  colour,  whereas  aluminium 
hydrate  is  white,  and  while  I  do  not  profess  to  explain  the  reason,  it  is  never- 
theless a  fact  that  a  brown -coloured  precipitate  {probably  since  it  resembles 
dirt)  causes  less  fear  of  wholesale  poisoning  in  Oriental  and  other  unscientific 
minds  than  a  white  one. 

So  also,  the  medical  profession  appears  to  consider  a  "  lillle  iron  and  lime 
in  the  water  "  as  less  likely  to  affect  public  health  than  "  an  excess  of  alum." 

In  view  of  the  fact  that,  when  properly  worked,  neither  process  permits  any 
tmdecomposed  coagulant  to  pass  the  lillers,  and  both  usually  produce  an 
increase  in  permanent  hardness,  the  reasoning  of  both  parties  is,  to  my  mind, 
equally  logical,  but  the  waterworks'  engineer  should  respect  such  prejudices. 

Before  this  process  can  be  satisfactorily  applied  to  a  water  even  more 
careful  and  systematic  preliminary  experiments  must  be  made  than  are  needed 
for  an  aluminium  sulphate  process.  Our  present  knowledge  hardly  justifies  its 
application  to  heavily  polluted  waters,  except  on  so  large  a  scale  that  the 
salary  required  to  secure  a  first-class  supervisor  forms  but  a  small  portion  of 
the  running  expenses. 

The  reaction  occurring  in  the  ferrous  sulphate  process  is  a  very  complex 
one.  The  chief  practical  difference  between  this  reaction  and  the  one  which 
occurs  when  aluminium  sulphate  is  used  as  a  coagulant  lies  in  the  fact  that  the 
reactions  which  occur  in  the  ferrous  sulphate  process  arc  only  completed  after 
a  certain  time,  while  the  aluminium  sulphate  reaction  (see  p.  556)  is  practically 
instantaneous. 

Broadly  speaking,  if  the  ferrous  sulphate  is  added  to  the  water  before  the 
lime,  we  have  ; 

FeSO<-|-CaH,(CO,),=FeH,(CO,),-|-CaS04        .        -        .        (0 
The  ferrous  bicarbonate  is  soluble,  and  will  only  slowly  decompose  into 
carbonic  acid  gas  and  ferric  hydroxide.    Thus,  lime  Js  added  to  hasten  the 
reaction,  and  the  following  reactions  occur  : 

Fe(HC0,)j,-i-=Ca(0H),=Fe(0H),+3CaC0,-faH,0        .        .        (a) 

FeS0,+C8(0H),=  Fe(0H),+CaSO4 {3) 

That  is  to  say,  both  the  ferrous  bicarbonate  resulting  from  the  first  reaction, 
and  any  excess  of  ferrous  sulphate,  are  decomposed,  and  produce  ferrous 
hydroxide. 

This  last  very  rapidly  oxidises  to  ferric  hydroxide,  which  is  the  precipitate : 

3FeC0H),+H,0+0=Fe,{0H),        ...        (4) 

In  addition,  however,  the  lime  reacts  with  any  bicarbonates  of  lime,  and 

.  magnesia,  which  have  not  been  previously  decomposed  by  the  ferrous  sulphate 

in  the  manner  indicated  in  equation  (i),  and  therefore  the  reactions  above 
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discussed  occur  simultaneously  with  the  various  reactions  employed  in  Clark's 
water  softening  process,  such  as  : 

Ca(HO),+CO,=CaCOa+H,0  1 

Ca(HO),+CaCHCO,)jB'jCaCO,+aH,0  }    .        .        (S) 

MgrHs(CO,),+aCa(OH,)=Mg(OH),CaC03+aH,o) 

The  normal  calcium  carbonate  thus  produced  is  insoluble,  and  rapidly 
precipiiales.  The  magnesia  hydrate  is  less  rapidly  precipitated,  and  re- 
dissolves  as  the  water  absorbs  carbonic  acid  from  the  air.  The  magnesia 
hydrate  is  therefore  only  removed  under  favourable  circumstances. 

Thus,  it  will  be  evident  that  the  two  processes  of  coagulation  and  water 
softening  cannot  be  separated,  and  calculations  which  are  based  on  the 
coagulation  process  only  do  not  indicate  the  whole  circumstances. 

Broadly  speaking,  when  a  water  of  ordinary  composition  is  considered,  the 
calculations  are  as  follows  : 

(i)  Ascertain  the  amount  of  temporary  hardness,  and  calculate  from 
equations  (i),  to  (4),  inclusive,  the  quantity  of  iron  sulphate  and  lime  necessai^ 
to  cause  the  reactions.  If  this  is  likely  to  produce  a  sufficient  quantity  of 
precipitate  to  satisfactorily  coagulate  the  turbidity,  and  form  an  eflicient 
Schmut7.decke,  we  must  experimentally  ascertain  whether  the  quantity  of  lime 
given  by  equation  No.  (2),  is  sufficient,  or  whether  reactions  of  the  type  given 
by  equation  No,  (5),  also  occur,  with  the  corresponding  amoimt  of  water 
softening- 

(ii)  If,  however,  the  amount  of  precipitate  thus  produced  is  insufficient, 
we  must  in  addition  calculate  from  equation  No.  (3),  the  necessary 
quantity  of  lime  and  ferrous  sulphate  required  to  produce  the  extra  amount 
of  precipitate  in  accordance  with  reaction  (No.  3),  and  also  experimentally 
ascertain  whether  any  excess  of  lime  is  required  for  reactions  of  type 
No.  (5). 

The  crun  of  the  process  is  whether  reactions  of  type  Nos.  (2),  and  (3),  occur 
before,  or  after  those  of  type  No.  (;).  This  question  can  only  be  answered  by 
experiment,  as  the  results  depend  upon  the  relative  concentrations  (>>.  the 
number  of  parts  per  100,000)  of  each  of  the  salts  considered,  which  occur  in 
the  water. 

It  will  be  evident  that  the  process  hitherto  considered  consists  of  a  coagula- 
tion, combined  with  the  transformation  of  a  part,  or,  possibly,  nearly  all,  the 
temporary  hardness  into  permanent  hardness,  as  per  equation  No.  (t).  This 
is  the  process  most  generally  employed. 

Let  us,  however,  consider  \he  reverse  process,  where  the  Mine  is  first  added. 
We  thenhavereactionNo.  {5)  occurring,  and  the  temporary  hardness  is  entirely, 
or,  nearly  entirely,  precipitated,  just  as  in  Clark's  process. 

On  adding  ferrous  sulphate,  reactions  No.  (1),  and  No.  (3),  do  not  occur ;  but 
No.  (3)  does,  if  an  excess  of  lime  remains.  By  suitably  proportioning  this  excess, 
we  can  obtain  a  sufficient  quantity  of  coagulating  precipitate. 

This  second  method  has  the  advantage  that  we  not  only  coagulate  the 
water,  but  can  also  partly  soften  it  if  the  process  is  carefully  conducted.  Thus, 
the  second  method  is  preferable  tn  waters  containing  a  large  amount  of 
temporary  hardness.  It  has,  however,  the  disadvantage  that  the  heavy  pre- 
cipitate of  calcium  carbonate  (which  in  the  first,  or  usual  process,  fonns 
simultaneously  with  the  precipitate  of  ferric  hydrate,  and  loads  the  flocks  and 
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materially  increases  the  rate  of  subsidence)  is  now  formed,  and  falh  separately. 
Hence,  the  subsidence  is  less  efficient,  and,  broadly  speaking,  a  larger 
subsicUng  and  coagulating  basin  will  be  required.  Also,  the  consumption  of 
iime,  will  probably  be  largely  increased.  Where  the  turbidity  is  great,  the 
first,  or  usual  process,  should  be  adopted.  A  careful  supervisor  will,  of  course, 
change. over  from  one  process  to  the  other,  according  as  temporary  hardness  or 
turbidity  is  the  most  important  factor.  It  may  be  noted  that  since  the  more 
turbid  waters  are  those  drawn  from  the  river  when  in  high  flood,  they  are 
usually  less  aJka.line  than  the  normal  watttis,  SO  that  the  change  in  method  has 
practical  advantages. 

It  will  be  evident  that  any  arithmetical  nik,  even  if  only  as  approximate  as 
that  given  in  considering  the  alumina  sulphate  process,  is  so  liable  to  mislead 
as  to  be  useless. 

On  the  other  hand,  the  above  investigation  shows  that  the  process  is  a  very 
powerful  one.  I  believe  that  if  the  details  are  correctly  planned,  it  is  applicable 
to  a  greater  number  of  varieties  of  water  than  the  alumina  sulphate  process,  and 
can  be  made  to  produce  better  results. 

At  Sl  Louis,  Mo.  {Trans.  Am.  Soc,  of  C.  E.,  vol.  60,  p.  170),  for  instance,  a 
fairly  satis&ctory  water  (from  the  bacteriological  point  c^  view)  is  produced  by 
coagulatitHi  and  sedimentation  only,  from  a  very  turbid  and  somewhat  polluted 
river  water.  Although  1  consider  that  the  process,  as  at  present  adopted  in  tbe 
above-mentioned  city,  is  merely  educative,  and  will  rapidly  lead  to  a  popular 
demand  for  an  even  better  water,  I  doubt  whether  any  such  rough  proce&s  with 
alumina  sulphate  as  coagulant  would  prove  satisfactory,  even  as  a  temporary 
measure. 

Therefore,  as  knowledge  advances,  I  expect  that  this  process  will  largely 
supersede  the  aluminium  sulphate  process.  Evan  at  the  present  date,  if  soften- 
ing by  Clark's,  or  a  similar  process,  is  desired,  and  a  coagulation  process  (other 
than  the  slight  coagulating  etfect  obtained  by  the  deposition  of  the  calcium 
carbonate  precipitate  on  particles  of  suspended  matter),  is  also  required,  ferrous 
sulp}iate  should  be  adopted  rather  than  aluminium  sulphate,  unce,  where  lime 
is  added  for  softening,  the  extra  complication  of  two  chemicals  has  10  be  faced 
in  any  case. 

A  modified  ferrous  sulphate  process  has  lately  been  introduced,  in  which 
lime  is  not  employed,  live  steam  being  injected  into  the  water  after  the  addition 
of  the  requisite  quantity  of  ferrous  sulphate.  Details,  however,  have  not  as  yet 
been  published. 

Certain  small  scale  experiments  of  my  own  indicate  that  reaction  No.  (i) 
occurs,  and  that  tbe  steam  then  causes  the  ferious  bicarbonate  to  rapidly 
decompose  into  ferrous  hydroxide,  and  free  carbonic  acid.  It  will  consequendy 
be  plain  that  the  natural  water  must  contain  enough  alkalinity  (as  calculated 
by  the  first  equation)  to  produce  sufficient  coagulating  precipitate. 

The  modiGed  process  is  therefore  subject  to  the  possibility  of  troubles 
caused  by  deficient  alkalinity  in  jnst  the  same  manner  as  the  aluminium 
sulphate,  process.  This  defect,  however,  is  known  to  be  practically  of  little 
significance  in  turbid  waters,  and  cases  entailing  the  addition  of  some  lime  for 
the  production  of  reaction  No.  (3),  are  likely  to  be  almost  entirely  confined  to 
coloured  waters,  where  tbe  object  of  coagulation  is  to  remove  colouring  sub- 

The  process  certainly  deserves  the  fullest  consideration,  since  it  will  be 
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plain  that  the  addition  of  an  excess  of  live  steam  has  no  such  adverse  eSect  on 
the  quality  of  the  water  as  that  produced  by  an  excess  of  lime. 

1  am  unable  to  state  definitely  whether  the  live  steam  required  is  less  costly 
than  the  Ihne  which  it  replaces,  but  the  general  belief  is  that  the  lime  process  is 
the  more  economical.  I  therefore  infer  that  the  question  really  depends  apon 
whether  a  supply  of  live  steam  is  already  available  [f.g.  from  the  pumping' 
station  attached  to  the  fitter  plant).  In  small  installations,  where  steam  woold 
have  to  be  specially  generated,  owing  to  the  extra  superintendence  thus 
required  the  lime  process  may  prove  cheaper. 

My  own  experiments  also  lead  me  to  believe  that  the  pressure  of  the  steam 
has  little  effect  on  the  reaction,  and  that  the  best  numerical  results  are  obtained 
with  12  lbs.  per  square  inch  gauge  pressure. 

The  water  produced  by  the  ordinary  ferrous  sulphate  process  is  relatively 
less  palatable,  and  less  pleasing  to  the  eye  than  that  which  is  produced  from 
the  same  raw  water  by  an  aluminium  sulphate  or  a  simple  filtration  process.  A 
consideration  of  the  chemical  reactions  will  show  that  the  lime  deprives  the 
water  of  the  dissolved  carbonic  acid,  which  remains  in  the  water  in  the 
aluminium  sulphate  process.  It  will,  however,  be  plain  that  when  the  process 
is  carefully  worked,  and  advantage  is  taken  of  the  alternatives  produced  by  the 
two  methods  of  adding  the  chemicals,  a  water  can  be  produced  which  does  not 
attack  metals,  and  which  is  well  suited  for  use  in  boilers.  Thus,  the  advant^es 
of  the  aluminium  sulphate  process  can  be  over-rated,  and  in  considering  this 
question  an  engineer  should  remember  that  the  American  standard  of  a 
"  palatable "  water  is  higher  than  that  which  is  usual  in  Europe.  The  fact  is 
curious,  although  it  in  some  respects  explains  the  relatively  lower  standard  of 
"healthy"  waters  which  undoubtedly  prevails  in  America. 

The  above  discussion  of  the  various  reactions  which  occur  when  ferrous 
sulphate  and  lime  are  added  to  a  water  shows  that  a  table  of  the  quantities  of 
chemicals  per  cube  foot  of  water,  similar  to  that  given  for  aluminium  sulphate, 
is  useless.  If  attention  is  confined  solely  to  the  coagulation  portion  of  the 
process,  the  following  rule  will  be  found  to  be  approximately  true  provided  that 
the  water  is  not  unusually  alkaHne. 

Add  of  crystallised  ferrous  sulphate  two-thirds,  and  of  slaked  lime  one-fifth, 
of  the  weight  of  aluminium  sulphate  which  is  found  to  produce  satisfactory 
coagulation.  The  coagulation  thus  induced  will  generally  prove  equally 
effective,  and  in  the  case  of  very  turUd  waters  will  probably  be  e\en  more  so. 
If  the  water  contains  a  large  amount  of  temporary  hardness  (alkalinity),  some 
amount  of  softening  will  generally  occur,  and  the  lime  should  be  increased.  In 
such  cases  it  is  advisable  to  ascertain  by  experiment  whether  the  dose  of  ferrous 
sulphate  cannot  be  diminished,  since  the  additional  amount  of  calcium  carbonate 
which  is  produced  in  the  water-softening  reaction  will  probably  load  the 
coagulating  precipitate,  and  produce  a  more  rapid  fall  of  the  tmrbidity.  Ferrous 
sulphate  is  mcwe  costly  than  lime,  and  each  grain  added  produces  an  increase 
in  the  permanent  hardness,  so  that  a  blind  adherence  to  any  rule  is  unadvisable. 

The  following  figures  are  the  average  of  the  results  of  each  month  as 
obtained  in  actual  working  at  Cincinnati, 

The  water  is  sedimented  for  40  to  48  hours,  and  is  then  treated  with  sulphate 
of  iron.  After  being  thoroughly  mixed,  lime  is  added ;  and  coagulation  (or  1  to 
8  hours  is  allowed.  The  fitters  are  each  1400  square  feet  in  area,  and  treat 
4  million  U.S.  gallons  per  24  hours,  say  3S0  feet  vertical,  or,  allowing  for 
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cleaning  and  rejection  of  effluents  after  cleaning,  work  at  a  r 
feet  vertical  per  24  hours. 

The  working  head  of  a  clean  filter  is  3  feet,  and  the  filters  are  washed  when 
the  head  is  iz  feel.  The  wash  water  is  used  at  a  rate  of  r8  to  r^  cubic  feet  per 
minute  per  square  foot  of  filter,  and  the  wash  water  is  3'8  pet  cent,  of  the  total 
quantity  filtered  during  the  year. 

The  following  (able  shows  the  monthly  average  results  obtained  during  one 
year^  working ; 
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It  must  be  noted  that  where  the  water  is  coloured  by  vegetable  matter, 
aluminium  sulphate  is  usually  found  to  give  better  results  than  ferrous  sulphate. 
This  cannot,  however,  be  taken  as  an  invariable  rule.  The  chemical  facts 
underlying  the  question  appear  to  be  that  some  varieties  of  vegetable  colouring 
matter  combine  readily  with  iron,  and  in  most  cases  this  combination  is  less 
easily  dealt  with  than  the  uncombincd  colour.  I  have,  nevertheless,  met  with 
coloured  water  (usually  accompanied  by  a  history  of  pollution  by  animal  matter, 
and  therefore  possibly  entirely  of  animal  origin),  which,  when  treated  with  ferrous 
sulphate,  produced  a  bulky,  rapidly  settling  precipitate,  very  easily  removed 
by  sedimentation  alone,  and  (or  such  waters  the  ferrous  sulphate  process  is 
invaluable. 

Under  this  head  it  is  as  well  to  refer  to  the  old  method  in  which  a  dilute 
solution  of  mixed  ferrous  and_  ferric  sulphates  and  sulphites  is  produced  by 
passing  the  fumes  of  burning  sulphur  over  metallic  iron  exposed  to  thin  streams 
of  felling  water.    The  dilute  solution  thus  obtained  is  added  to  the  raw  water. 

It  is  plain  that  the  process  amounts  to  an  unregulated  coagulation, 
accompanied  by  a  possible  disinfection  from  such  sulphur  dioxide  as  remains 
dissolved  in  the  water,  and  uncombined  with  iron.  The  principle  appears 
to  be  a  good  one,  but  in  view  of  the  fact  that  the  supervisor  has  absolutely 
no  control  over  the  relative  quantities  added,  and  very  little  over  the  total 
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amount  of  mixed  gases  and  salts,  it  is  doubtful  whether  really  regular  working 
can  be  obtained. 

Practical  Details.— f^t^  practical  details  are  very  similar  to  those 
of  the  aluminium  sulphate  process.  The  capacities  of  the  sedimentation 
and  coagulating  tanks  are  usually  some  to  percent,  larger  than  in  the  case 
of  the  alum  process,  and,  this  addition  being  made,  the  reasoning  there  set 
forth  applies. 

The  greatest  difficulties,  however,  are  connected  with  the  addition  of 
time.  If  the  lime  is  dissolved  as  lime  water,  the  volume  of  lime  solution  is  a 
very  considerable  fraction  (as  much  as  }th  or  Jth  in  some  cases)  of  the 
quantity  of  water  treated.  It  is  therefore  customary  to  add  the  lime  as  milk 
of  lime,  containing  about  one-tenth  its  weight  of  hydraled  lime.  This  milk 
of  lime  must  be  carefully  strained,  stirred,  and  kept  in  motion  until  added  to 
the  raw  water.  This  is  best  effected  by  a  screw  propeller,  working  in  the 
mixing  tank,  which  should  be  placed  as  nearly  as  possible  vertically  over  the 
point  where  the  lime  is  delivered  to  the  raw  water. 

Troubles  are  frequently  caused  by  deposits  and  incrustations  of  lime  salts 
formed  in  the  pipes.  Such  obstructions  occur  at  the  point  where  the 
lime  is  added  to  the  raw  water,  or  in  the  pipe  systems  of  the  filters. 

The  lirst  deposits  seem  to  be  almost  entirely  caused  by  the  lime  being 
added  to  the  water  when  in  violent  motion,  carrying  air  bubbles.  This  can 
usually  be  stopped  by  a  change  in  the  point  where  the  lime  is  added.  Some 
chemical  action  may  also  be  suspected,  since  such  incrustations  rarely  take 
place  unless  the  lime  is  first  added.  The  filter  deposits  appear  to  be  mainly 
due  to  an  excess  of  lime,  and  whenever  the  ratio  : 

Weight  of  lime  ,  , 

.,,  .  . .    f  ■ .--;-—-,  much  exceeds  0-4 

Weight  of  iron  sulphate    . 

such  deposits  may  be  considered  as  likely  to  occur.  Occasional  additions  of 
lime,  far  in  excess  of  the  above  value,  have  no  ill  eflect,  prcrvided  that  such 
conditions  are  temporary,  and  are  succeeded  by  periods  during  which  the  ratio 
is  less  than  0-4. 

A  quantity  of  lime  in  the  treated  water  greatly  exceeding  fj  parts  per 
100,000  of  normal  carbonates,  if  continually  present,  should  be  considered 
as  unsatisfactory,  since  incrustation  will  sooner  or  later  occur. 

CoAg:nlatioo  with  Slow-Sftnd  Filtera.— The  processes  of  coagulation  already 
discussed  are  generally  preparatory  to  mechanical  filtration.  There  is, 
however,  no  difficulty  in  applying  them  as  preliminaries  to  slow-sand  filtration. 
The  following  discussion  of  the  treatment  adopted  by  Fuertes  (TVtmi.  Am.  Soc. 
of  C.E.,  vol.  66,  p.  135)  in  the  case  of  the  Steelton  (Pa.)  water  excellendy 
illustrates  the  strong  &nd  weak  points  of  the  process- 

The  water  is  frequently  heavily  polluted,  is  very  turbid,  and  is  also  liable 
to  become  extremely  acid  owing  to  contamination  by  mine  refuse.  Altogether, 
the  water  is  as  variable  as  can  well  be  imagined.  The  acidity  is  neutralised, 
and  the  necessary  alkalinity  Is  produced  by  the  addition  of  lime  in  such 
quantities  as  to  react  with  the  required  dose  of  alumina  sulphate,  and  still 
leave  about  o'6  parts  per  loosooo  of  alkalinity.  The  dose  of  aJuroina  sulphate 
is  entirely  determined  by  the  turbidity,  and,  when  graphically  plotted,  the 
relation  is  represented  by  straight  lines  which  can  be  laid  down  front  the 
following  particulars : 
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Twelve  minutes'  "sedimentation"  is  then  allowed,  and  the  water  is 
turned  on  to  a  roughing  filter  composed  of  5  feet  of  anthracite  coal  screeniDj^s 
of  an  effective  size  of  1  mm.  (004  inch),  and  with  a  uniformity  coefficient 
of  3'4. 

The  filtration  takes  place  at  the  rate  of  85  million  U.S.  gallons  per  aci« 
per  24  hours,  and  the  filter  is  washed  by  compressed  air  and  water  at  the  rate  of 
I  cubic  foot  of  air  per  square  foot  per  minute,  ando'67  to  07;  cubic  foot  of  water 
per  square  foot  per  minute,  as  often  as  the  filtration  head  becomes  equal  to  2'5  feet. 

Tliis  roughing  filter  evidently  acts  hke  a  d^groisseur,  and  the  whole  of  the 
5  feet  retains  turbid  matter.  A  large  bacterial  reduction  (on  the  average 
60  to  70  per  cent.}  is  also  produced.  Without  any  assistance  from  coagulation 
the  roughing  filter  can  reduce  water  containing  turbidities  of  less  then  25  parts 
per  million  to  a  state  lit  for  the  sand  filters. 

These  sand  filters  work  at  the  rate  of  362  million  U.S.  gallons  per  acre 
per  24  hours,  and  consist  of: 

4  feet  of  sand,  specified  as  follows : 

Not  more  than  ;  per  cent,  under  0*24  mm.  in  diameter 


,  and  the  uniformity  coefficient  i 


The  effective  size  is  0*30  to 
1-6  to  1-8. 

The  sand  lies  on  3  inches  of  crushed  sandstone,  between  ^  to  ^  inch  in 

Then  3  inches  of  crushed  sandstone,  between  j  and  ^  inch  size. 

Then  6  inches  of  crushed  sandstone  between  3  and  |  inches  in  size. 

The  bacterial  results  at  present  obtained  would  not  be  considered  satis- 
factory when  the  bacterial  content  of  the  raw  water  much  exceeds  6000  per  c.c, 
but  there  is  a  marked  tendency  towards  increased  bacterial  efficiency,  and  after 
six  months'  work  the  limit  is  nearer  10,000  per  c.c. 

As  is  usual  in  American  filters,  the  B.  coli  tests  are  relatively  better 
than  might  be  expected,  so  that  the  large  number  of  bacteria  in  the  raw 
water  arc  not  necessarily  pathogenic  (see  p.  51;).  The  filtrate  is  invariably 
clear. 

To  a  British  engineer  the  mere  idea  of  using  raw  water  of  such  a  character 
is  abhorrent  In  fact,  Mr.  Fuertes  has  to  perform  not  only  filtration  operations, 
but  a  prtKess  of  purification  which  should  rightly  be  conducted,  at  the 
expense  of  the  people  who  produce  the  pollution,  before  the  polluted  water  is  dis- 
charged into  the  river.    Setting  this  legal  problem  aside  (which  an  engineer  as 
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a  ciiizen  ought  not  to  do),  the  engineeriDg  probtem  is  most  excellently  solved, 
and  the  only  adverse  remark  that  can  be  made  is  that  the  filtration  velocities 
given  above  are  only  very  rarely  attained,  and  that  it  is  doubtful  if  good 
bacterial  results  can  be  produced  if  the  raw  water  is  simultaneously  highly 
polluted.  The  preliminary  studies  wete  very  complete,  and  it  is  probable 
that  a  great  demand  for  filtered  water  and  heavy  pollution  will  not  occur 
simultaneously.  The  substitution  of  a  small  ddgroisseur  for  a  large  sedi- 
mentation and  coagulation  basin  is  especially  noteworthy. 

Mechanical  Filtration.— The  various  processes  of  mechanical  filtra- 
tion are  entirely  the  invention  of  engineers  in  America,  and  the  method  has  not 
as  yet  been  systematically  adopted  in  other  countries.  Consequently,  anything 
but  American  experience  on  this  particular  subject  is  unreliable,  and  it  may  be 
doubted  whether  the  full  advantages  of  mechanical  filtration  have  yet  been 
attained  except  in  the  United  States. 

As  a  rule,  American  waters  may  be  considered  as  less  subject  to  pollution 
by  pathogenic  bacteria  than  are  either  German  or  English  waters.  On  the 
other  hand,  turbidity  of  a  troublesome  character  (combined  with  abnonnal 
colorations,  tastes,  and  odours)  is  more  common  than  in  Europe.  At  present, 
therefore,  the  mechanical  filter  is  seen  at  its  best  when  dealing  with  a  turbid 
water,  and  its  weak  points  are  most  manifest  in  the  case  of  heavily  polluted 
waters  containing  many  bacteria. 

Auxiliary  processes,  such  as  disinfection  and  coagulation,  are  more  easily 
applied  in  conjunction  with  mechanical  filters,  than  in  the  case  of  slow-sand 
filters.  We  may  consequently  consider  the  following  suggestions  as  applicable 
in  modem  practice : 

{a)  For  water  with  a  turbidity  after  sedimentation  frequently  exceeding  jo 
parts  per  million,  and  which  contains  a  fair  proportion  of  particles  less  than 
oooos  inch  approximate  in  diameter,  mechanical  filters  are  indicated. 

(i)  For  heavily  polluted  non-turbid  water,  slow-sand  filters  are  better  than 
mechanical  filters. 

if)  If  a  water  is  of  such  a  character  that  it  possesses  two  objectionable 
properties  [f.g.  colour  and  turbidity,  or  odours  and  extreme  hardness)  each 
requiring  a  separate  treatment,  mechanical  filters  are  usually  desirable.  Sand 
filters  should  be  adopted  if  the  water  is  heavily  polluted,  and  the  treatment  for 
the  other  objectionable  constituent  does  not  assist  in  removing  bacteria,  so  thai 
the  water  as  delivered  to  the  filters  frequently  (say  more  than  3o  days  in  the 
year)  contains  more  than  2000  bacteria  per  cubic  centimetre  as  ascertained  by 
Koch's  test. 

This  last  statement  is  derived  from  a  consideration  of  the  bacterial  results 
generally  obtained  by  mechanical  filtration.  There  is  no  doubt  that  in  many 
cases  skilled  bacteriologists  can  treat  a  water  containing  more  than  the  above 
number  of  bacteria  per  cubic  centimetre  by  mechanical  filtration,  and  can 
regularly  produce  a  filtrate  containing  less  than  100  bacteria  per  c.c.  The 
average  supervisor  (whose  working  tests  are  based  on  the  clearness  of  the 
filtrate),  however,  cannot  with  certainty  reduce  the  barterial  count  below  this 
number  by  mechanical  filters  if  the  raw  water  contains  a  number  of  bacteria 
considerably  greater  than  1000  to  1500  perc.c.  Thus,  the  above  rule  is  a  practical 
one,  and,  if  anything,  is  loo  favourable  to  mechanical  filters  as  they  are  usually 
handled.  It  must  not,  however,  be  regarded  as  an  expression  of  opinion  that 
systematic  preliminary  tests  of  mechanical  filters  when  preparing  a  large  scale 
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project  for  filtering  polluted  waters  are  useless,  since  it  is  believed  that  their 
adoption  may  prove  economically  advantageous  when  systematic  supervision  by 
a  good  bacteriologist  can  be  obtained.  A  truly  scientific  solution  of  the 
problem  could  only  be  given  if  it  were  possible  to  state  the  conditions  in  terms 
of  the  number  of  pathogenic  bacteria  in  a  given  volume  of  the  raw  water 
(see  pp.  515  and  569). 

The  above  rules  may  be  regarded  as  correct,  provided  that  no  consideration 
is  given  to  the  available  capital  and  labour,  and  other  local  conditions. 

Mechanical  filters  are  cheaper  in  first  cost,  but  are  more  expensive  to 
maintain  and  to  supervise  than  the  slow-sand  type.  As  usually  installed,  they 
contain  a  good  deal  of  meial  work,  but  the  masonry  construction  employed  at 
Baroda  shows  that  this  can   be    avoided   where  iron  and  ironworkers  are 

On  the  other  hand,  machinery  with  its  expensive  supervision  is  always 
necessary,  except  in  cases  where  a  40  to  50  feet  head  of  water  is  available.  In 
modenl  types,  however,  special  machinery,  other  than  pumps,  is  but  a  minor 
item.     Also,  the  area  occupied  is  small  in  comparison  with  slow-sand  filters. 

The  development  of  the  rapid,  or  mechanical  filter,  arose  from  efforts  to 
clarify  very  turbid  water,  and  when  the  bacterial  rationale  of  slow-sand  filtra- 
tion first  became  generally  known,  rapid  filters  were  viewed  with  suspicion. 

The  modern  aspect  of  the  matter  may  be  summed  up  as  follows  ;  Rapid 
filters  ^require  more  care,  and  a  higher  grade  of  supervision,  in  order  that 
biological  results  equal  to  those  given  by  slow-sand  filters  may  be  obtained. 
Their  use,  therefore,  is  at  present  mainly  advisable  in  new  and  rapidly  developing 
countries,  where  labour  is  dear,  but  intelligent,  so  that  skilled  supervision  is 
relatively  cheaper  than  manual  labour.  It  is  also  as  well  Co  use  mechanical 
filters  where  labour  is  markedly  inefficient,  and  of  uncleanly  habits  ;  since,  the 
cleaning  being  done  by  mechanical  means,  such  outrages  as  defecation  on  the 
filter  beds  are  prevented. 

In  principle,  the  mechanical  filter  consists  of  about  30  inches  of  sand,  resting 
on  6  inches  of  gravel,  drained  by  a  system  of  closely  spaced  strainers.  Great 
care  was  taken  in  the  early  days  of  such  filters  to  obtain  a  sand  of  large 
eflfective  size  (up  to  o'6o  mm.),  and  small  coefficient  of  uniformity  (I'S,  or  even 
as  low  as  I 'z).  Experience  has  shown  that  the  expense  thus  entailed  is  un- 
necessary, and  at  present  any  sand  suitable  for  slow-sand  filters  is  used.  It  is 
also  found  that  the  numerous  washings  which  the  saiid  undergoes  rapidly 
produce  a  suitable  grade  of  filtering  material. 

The  rate  of  filtration  is  high,  generally  80  to  1 10  million  imperiaj  gallons, 
or  100  to  125  million  U.S.  gallons,  per  acre  per  day  of  24  hours.  This  entails 
washing  at  intervals,  which  rarely,  if  ever,  exceed  two  days.  The  formation  of 
a  biological  Schmutidecke  can  therefore  hardly  occur,  even  though  favoured  by 
other  circumstances.  Its  place  is  taken  by  an  artificial  Schmutzdecke,  formed 
by  the  addition  of  a  coagulant  to  the  raw  water.  A  coagulating  basin  and 
apparatus  (consisting  of  valves  and  pipes  for  regulating  not  only  the  addition 
of  the  coagulant,  but  also  the  proportion  of  the  mixture  of  coagulating  pre- 
cipitate and  turbid  matter  that  reaches  Che  filter)  forms  an  eseential  portion 
of  every  installation  ;  and,  if  the  water  is  not  naturally  turbid,  the  addition 
of  artificial  turbidity,  usually  in  the  form  of  powdered  clay,  may  be  found 
necessary. 

The  principles  of  operalion  are  simple.    The  addition  of  a  coagulant  to 
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the  raw  water,  combined  with  the  sojourn  of  the  water  in  the  coagulating 
tank,  produces  a  flocky  suspension  of  coagulant,  and  turbid  matter  in  the 
water.  On  entering  the  filter,  these  flocks  pack  together  on  the  surface  of 
the  sand,  and  form  an  effective  barrier  lo  the  passage  of  bacteria.  The 
biological  action  of  the  Schmutidecke  is  greatly  reduced,  if  not  entirely 
arrested,  so  that  the  filtration  is  mechanical  in  a  far  more  essential  sense 
than  that  used  by  the  inventor  of  ihe  term  "  mechanical  filler." 

To  use  a  somewhat  broad  simile,— a  mechanical  filter  arrests  bacteiia 
mainly  as  close-mesh  wire  netting  arrests  the  flight  of  birds.  Whereas,  the 
Schmutdecke  and  sand  of  a  slow-sand  filter  arrest  bacteria  much  as  a  loose 
heap  of  bird-limed  twigs  catches  birds. 

The  velocity  of  filtration  is  large  (roughly,  400  feet  in  34  hours,  say  109 
million  imperial  gallons,  or  131  million  U.S.  gallons  per  acre).  Thus,  the 
head  forcing  the  water  through  the  filter  is  high,  and  the  deposit  of  coagulating 
precipitate  and  turbid  matter  that  forms  on  the  sand  rapidly  clogs  the  filter. 
Hence,  the  filter  must  be  washed  at  frequent  intervals,  and  in  order  to  save 
time  and  labour  these  washings  are  eHected  mechanically. 

Since  a  rapid  filter  passes  through  a  cycle  of  operation  in  20  to  30  hours, 
it  is  obvious  that  we  have  to  form  a  satisfactory  Schmuizdecke  about  once  a 
day,  so  that  we  should  test  the  working  of  a  rapid  filter  every  hour  in  order  to 
have  Che  efiluent  under  as  close  a  supervision  as  that  obtaining  in  a  slow-sand 
filter  subjected  to  daily  tests.  This  is  obviously  impossible,  and  forms  the 
greatest  defect  in  rapid  filters  ;  which,  from  a  bacteriological  point  of  view,  are 
liable  to  be  markedly  irregular  in  their  working.  While  great  improvements 
have  been  made  of  late  years  in  this  respect,  rapid  filters  are  still  largely 
inferior  to  the  slow-sand  type,  simply  because  the  filtrate  of  the  period 
immediately  after  cleaning  cannot  be  so  accurately  classed  as  either  good  or 
bad,  from  a  bacterial  point  of  view,  as  is  the  case  with  sand  filters  during  the 
first  day  or  two  af^er  cleaning. 

Therefore  in  considering  the  installalion  of  a  system  of  rapid  filtration,  an 
engineer  must  be  prepared  for  very  irregular  bacterial  results,  especially  during, 
say,  the  first  six  months  of  working,  while  the  supervising  staff  are  acquiring 
local  experience. 

It  is  doubtful  whether  this  defect  will  ever  be  entirely  overcome,  although 
the  rapid  improvements  of  late  years  are  encouraging. 

As  this  defect  is  probably  the  factor  which  is  most  adverse  to  the  adoption 
of  mechanical  filters  by  British  engineers,  it  is  as  well  to  consider  the  manner 
in  which  it  may  be  most  rapidly  minimised. 

The  method  is  fairly  simple.  Reasoning  on  the  analogy  of  slow-sand 
filters,  we  require  lo  form  our  artificial  Schmutidecke  as  rapidly  a; 
Once,  however,  it  is  formed,  the  thickness  should  not  be  allowed  I 
at  the  same  rate,  since  this  would  produce  a  rate  of  increase  in  the  working 
head  of  the  filter  which  would  cause  the  filter  to  need  cleaning  far  too 
frequently. 

It  is  consequently  obvious  that  during,  roughly,  (he  first  hour  after  washing 
the  filter  should  be  worked  in  a  manner  which  differs  from  that  which  is 
advisable  when  it  is  running  normally,  .This  change  in  method  does  not,  as 
yet,  appear  to  have  been  explicitly  recognised,  although  there  is  little  doubt 
that  supervisors  of  filters  are  well  aware  of  its  existence. 

The  general  outlines    are    clear.     Until  a  satisfactory  Schmutzdecke  is 
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formed,  the  filter  should  be  abundantly  supplied  with  the  precipitate  produced 
by  the  coagulant.  The  Schmutzdecke  being  formed,  as  may  be  recognised 
by  the  working  head  of  the  filter  increasing,  say,  two  or  three  feet  above  the 
initial  head,  the  working  becomes  normal,  and  as  little  of  the  precipitate  as 
possible  should  be  passed  on  to  the  filter.  The  rate  of  increase  of  the  thickness 
of  the  Schmutzdecke  is  tljus  kept  low  during  the  period  in  which  the  filter 
delivers  a  satisfactory  effluent. 

In  practice,  the  effluent  from  a  mechanical  filter  is  usually  considered  to  be 
satisfactory  when  it  is  free  from  turbidity.  In  waters  of  the  American  type, 
where  a  large  proportion  of  the  particles  of  turbidity  are  of  bacterial  siie,  this 
test  is  probably  fairly  efTective  in  discriminating  between  effluents  which  are 
bacterially  safe  and  unsafe,  although  it  is  believed  that  the  filtrate  becomes 
free  from  turbidity  somewhat  more  rapidly  than  it  becomes  bacterially  safe, 
if  less  than  100  bacteria  per  c.c.  is  taken  as  an  absolute  criterion  of  safety. 
The  matter  has  been  systematically  investigated  by  bacterial  methods  at 
Cincirinati,  Berlin,  Alexandria  (Egypt),  and  elsewhere,  and  it  may  be  inferred 
that  the  effluent  is  usually  bacterially  safe  when  the  working  head  of  the  filter 
exceeds  3  feet.  When,  however,  mechanical  fitters  are  used  to  treat  waters 
which  do  not  carry  a  large  quantity  of  particles  which  are  of,  or  near  to, 
bacterial  size,  systematic  bacterial  tests  are  required  ;  and  it  is  quite  plain  that 
a  great  economy  in  working  can  be  obtained  by  ascertaining  the  minimum 
head  at  which  a  baclerially  satisfactory  effluent  is  delivered.  The  supervisor 
can  then  systematically  aller  the  method  of  working  as  above  indicated,  and 
is  thus  enabled  to  largely  diminish  the  frequency  of  the  filter  washings. 

The  importance  of  these  preliminary  bacteria!  investigations  is  very  great, 
and,  if  they  are  systematically  carried  out,  the  mechanical  filter  can  probably  be 
nnade  quite  as  effective  in  removing  bacteria  as  the  slow-sand  filter.  Even 
under  such  circumstances  it  will  usually  be  found  that  when  the  water  which 
reaches  the  filter  contains  more  than  2000  bacteria  per  c.c.  (as  estimated  by 
Koch's  test),  the  working  head  required  to  produce  a  satisfactory  efHuent 
becomes  so  great  that  slow-sand  filters  are  generally  preferable  to  mechanical 
filters. 

In  practice,  the  above  theory  is  more  or  less  roughly  followed.  The 
following  methods  have  been  adopted  : 

(a)  The  water  for  a  newly  washed  filter  is  taken  from  the  bottom  of  the 
sedimentation  tank,  tod,  when  the  head  exceeds  a  certain  value  (details  are  not 
given},  the  supply  is  drawn  from  the  top  of  the  tank. 

(^)  An  extra  dosing  of  coagulant  is  given  after  washing.  It  will  be  obvious 
that  this  method  cannot  always  be  applied  to  the  aluminium  sulphate  process, 
for,  unless  the  water  is  sufficiently  alkaline  to  decompose  the  extra  amount  in 
addition  to  diat  usually  added,  unchanged  aluminium  sulphate  will  pass  through 
the  filter.  It  is  therefore  most  frequently  adopted  in  the  iron  and  lime  process 
where  the  necessary  alkalinity  can  always  be  obtained  by  the  addition  of  lime. 

if)  An  artificial  Schmutzdecke  is  formed  by  adding  powdered  clay  to  the 
water,  either  before,  or  simultaneously  with  the  addition  of  the  coagulant. 

It  is  somewhat  doubtfiil  whether  this  last  process  has  been  designedly 
adopted  for  the  ptn-pose  at  present  discussed.'  It  is  usually  referred  to  in 
reports  as  being  resorted  to  in  cases  where,  for  a  few  days  at  a  time,  the  raw 
water  was  abnonnally  clear,  and  coagulation  slow,  or  entirely  ^nicsted  for  want 
(apparently)  of  nuclei  for  the  precipitate  to  form  on. 
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{d)  In  many  caaes  it  has  been  found  advantageous  to  add  one-half  the 
necessary  amount  of  co^ulant,— to  allow  the  reaction  to  complete  itself,— and 
later  t()  add  the  remaining  quantity ;  and  after  an  interval  (generally  shorter 
than  that  permitted  between  the  two  dosings  of  coagulant)  to  pass  the  water  to 
the  filters.  I  am  unable  to  state  the  e^act  rationale  of  this  proce&s,  or  the 
advantages  derived,  but  it  is  quite  plain  that  such  a  method  lends  itself  ad- 
mirably to  the  rapid  formation  of  a  Schmutidecke,  by  the  addition,  just  after 
washing,  of  the  whole  of  the  coaguLaoi  at  the  point  where  the  second  half 
usually  enters,  and  thus  securing  (for  say  the  first  hour)  that  the  whole  of  the 
precipitate  reaches  the  filter.  Later,  the  filtration  head  having  attained  a 
satisbaory  value,  the  double  addition  process  can  be  carried  out. 

The  methods  here  su^ested  must  be  regarded  as  tentative,  and  it  is  to  be 
hoped  that  systematic  investigations  may  be  undertaken,  and  that  the  results 
wiU  be  published. 

In  any  case,  no  consideration  need  be  given  to  any  Filter  Company's  tender 
which  does  not  explicitly  deal  with  this  question  of  irregular  working,  by 
guaranteeing  that  the  daily  results  of  bacterial  counts  will  not  exceed  some 
maximunt,  more  than  a  definite  number  of  times  per  annum.  A  tenderer  might 
reasonably  request  three  to  six  months  preliminary  operation,  before  rigidly 
complying  with  his  guarantee. 

BacteiiaJ  Teats  of  Coagulation  as  applied  to  Mechanical  FUtcra.— The  doses 
of  aluminium  sulphate  or  iron  sulphate  which  produce  the  best  effect  in  reducing 
turbidity  have  been  discussed  on  pages  55S  and  56S.  The  figures  there  given  are 
those  which  are  usually  adopted  previous  to  mechanical  filtration.  It  is,  how- 
ever, very  doubtful  whether  they  are  those  which  are  best  adapted  to  cause  the 
maximum  possible  reduction  in  the  number  of  bacteria  during  the  whole  process 
of  coagulation  and  mechanical  filtration.  The  only  available  information  is 
furnished  by  the  experiments  of  Schreiber  at  Berlin  {Mitt.  Kong.  Praus. 
Pruefungsamtalt  fuer  Wasserversorgung,  1906). 

If  the  reduction  in  turbidity  wene  alone  employed  to  judge  the  efficiency  of 
the  process,  Schreiber  found  that  10  grains  of  coagulant  per  cubic  foot  (23 
grammes  per  cubic  metre)  should  be  employed,  while  the  best  bacterial  results 
were  obtained  with  18  grains  per  cubic  foot  (43  grammes  per  cubic  metre). 
Thus,  with  aluminium  sulphate  dosing  at  a  rate  of  23  grammes  per  cubic  metre, 
one  hour  usually  elapsed  between  the  washing  of  a  filter  and  the  delivery  of  a 
bacterially  satisfactory  (50  bacteria  per  c.c)  etHucnt.  With  a  dose  of  43 
grammes  per  cubic  metre,  the  period  never  exceeded  30  minutes,  and  was 
usually  far  less. 

As  the  coagulating  tank  held  only  one  hour's  supply,  it  is  doubtful  whether 
the  advantage  is  inherent  in  the  larger  dose,  or  is  only  due  to  the  fact  that  the 
larger  dose  causes  the  filtering  film,  or  Schmutzdecke,  to  attain  the  requisite 
thickness  more  rapidly.  If  this  supposition  be  true,  the  methods  of  working 
detailed  on  page  575  are  probably  advantageous  bacterially,  as  well  as  in  reducing 
turbidity.  As  a  preliminary  rule  it  may  be  inferred  that  the  filtrate  should  be 
wasted  until  the  increase  in  the  vrorking  head  over  that  initially  required  to 
force  the  water  through  the  clean  filter  is  twice  that  which  is  necessary  to 
produce  a  non-turbid  effluent.  The  water  Schreiber  used  would  hardly  be 
considered  very  turbid  in  America,  so  that  this  rule  is  possibly  over -stringent  for 
markedly  turbid  raw  waters. 

Cleaning  Fil/ers.~Tiie  frequency  of  the  cleanings  of  a  mechanical  filter  is 
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afrecte4  not  only  by  the  dose  of  coagulant,  but  (contrary  to  what  is  found  to 
hold  good  in  sk>w-s«id  filters}  also  by  the  rate  of  filtration.  Wernicke  («/ 
ittpra,  1907)  finds  the  following  results  in  the  case  of  Fosen  water  co^pilated 
by  aluminium  sulf^ate ; 


Fe«  pet  24  Htnn. 

Cubic  Feet  of  Water  per  Sqoare  Foot  of  Filler  Are* 
Filtered  between  Two  CleMiing*. 

i3-aGr«iia  of  Sulphate 
per  Cubic  Fool  of  W«ttr. 

31  Gnitu  of  Sulphite 
per  Cubic  Foot  of  Water. 

393 
360 
328 
296 
263 
230 
197 

66 

118 
148 
174 

230 

98 

114 
•54 
181 

206 
263 

These  experiments  of  Schreiber  and  Wernicke  were  carried  out  on  far  clearer 
and,  probably,  more  dangerously  polluted  waters  than  are  usually  dealt  with  by 
mechanical  filtration.  They  form,  however,  almost  the  only  series  of  experiments 
on  mechanical  filtration  in  which  bacteriological  standards  were  systematically 
employed  to  indicate  the  efficiency  of  the  filtration.  The  figures  are  probably 
applicable  only  to  the  local  circumstances  under  which  they  were  obtained,  but 
they  arc  more  interesting  to  the  British  engineer  than  the  far  more  extensive 
American  experiments  (reports  of  Water  Boards  of  Cincinnati,  Louisville,  New 
Orleans,  etc).  In  these,  bacterial  tests  were  usually  considered  as  of  secondary 
importance  in  comparison  with  the  removal  of  turbidity.  The  American  method 
is  obviously  the  easiest,  and,  when  applied  to  American  waters,  it  probably 
secures  a  bactcrially  satisfactory  effluent.  When  mechanical  filtration  is  applied 
to  waters  which  are  highly  polluted  and  are  not  turbid,  bacterial  tests  must  be 
used  to  investigate  the  conditions  of  working,  and  in  view  of  the  great  field  for 
mechanical  filtration  in  trO[ncal  countries,  should  soon  become  standard. 

Practical  Details. — The  design  of  mechanical  filters  is  mainly  in  the 
hands  of  patentees.  The  following  matters  require  consideration  by  engineers 
when  selecting  filters : 

The  driunage  system  consists  of  pipes  and  strainers,  and  the  difficulties 
caused,  in  slow-sand  filters,  by  unequal  resistances  to  flow,  occur  in  an 
accentuated  form. 

As  a  rule,  the  total  head  lost  in  the  filter  when  the  sand  is  clean,  is  equivalent 
to  about  two-thirds  of  the  depth  of  the  sand  (approximately  i'6  to  3  feet  head), 
and  the  loss  in  the  strainers  (the  area  of  which  is  about  04  square  inches  per 
square  foot)  should  not  exceed  one-half  this  quantity  (say  o'8  foot  to  t  foot  head 
at  most,  and  usually  0*5  to  o'6  foot).  So  also,  differences  in  frictional  head  in 
the  pipe  system  (due  to  unequal  lengths  of  piping)  should  not  exceed  about 
o'3  foot  This  condition  generally  leads  to  the  area  commanded  by  one  system 
of  pipes  being  from  tz  feet  square,  to  18x15  f'^^i  and  the  individual  filter  is 
37 
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made  np  of  four  such  units,  i.e.,  varies  from  about  600,  to  i  lOo  square  feet.  The 
area  is  arrived  at  by  a  compromise  between  expenditure  in  the  brass  pipe  work, 
caused  by  the  large  pipes,  required  to  minimise  the  differences  of  frictional  resist- 
ance, and  a  desire  for  as  large  a  filter  unit  as  passible,  in  order  to  economise  in 
the  valves  and  piping  connecting  the  individual  filters.  When  the  conditions 
affccijiig  the  rejection  of  the  elSuent  after  washing  are  better  understood, 
satisfactory  working  may  be  hoped  for  when  the  individual  filters  and  the 
pressure  differences  in  the  pipes  are  larger  than  are  now  usuaL 

The  design  of  the  strainers  is  of  the  utmost  importance.  Any  dead  water 
spaces,  such  as  existed  in  the  earlier  types,  are  objectionable,  and  should  (if 
possible)  be  filled  in  with  concrete.  But  the  tendency  of  design  is  towards 
continuous  lines  of  perforated  brass  plates,  the  upper  surfaces  of  which  are 
slightly  sunk  below  the  concrete  bottom  of  the  filters. 

As  an  example,  at  Cincinnati  3-inch  wide  plates  are  spaced  at  12  tDChesfirom 
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centre  to  centre,  and  are  perforated  with  64  holes,  ^^  of  an  inch  in  diameter,  per 
foot  run.    (Sketch  No.  147.) 

At  Colninbus,  the  strainers  are  2j-inch  circular  brass  plates,  whh  ^^inch 
holes,  spaced  Sj  inches  from  centre  to  centre,  in  both  directions,  and  hence  the 
distribution  of  the  water  flow  is  obi-iously  less  perfect     (Sketch  No.  147.) 

The  old-fashioned  rose,  slit  cup,  or  perforated  pipe  (Sketch  No.  148)  strainers 
Screwed  into  pipes,  must  be  regarded  as  decidedly  inferior.  These  n-ere  usually 
spaced  about  four  to  the  square  foot,  although  such  figures  as  2^  per  square  foot 
occur,  and  as  dead  water  spaces  are  then  more  easily  filled  up  the  wider  spacing 
should  be  adopted  if  such  strainers  are  used. 

All  strainers  (even  if  not  so  designed)  should  be  sdnk  at  least  2,  to  3  inches 
(better,  if  possible,  5,  or  6  inches)  below  the  general  surface  of  the  concrete,  and 
the  pits  thus  formed  should  be  filled  in  with  gravel,  which  should  extend  at  least 
3  inches  (and  preferably,  if  the  strainer  distribution  is  poor,  6  inches)  above  the 
top  of  the  concrete. 

The  gravel  is  usually  siied  into  two  layers,  the  lower  one  J,  to- 1  an  inch 
average  diameter,  and  the  upper  one  0-05,  to  o-i  inch. 
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The  sand  is  g;eDerall]'  0*30  to  0*40  nun.  in  cHective  site,  ftnd  the  unifonnity 
coefficient  should  be  low,  preferably  not  more  Ibon  z  (after,  say,  three  monlfas  it 
will  be  reduced  to  1  '5t  and  the  loss  should  be  provided  for).  In  cases  where 
the  washing'  is  not  effected  by  raking,  a  brass  wire  screen  is  required  to  retain 
die  giavel,  10  meshes  per  linear  inch  appearii^  usual 

The  Cincinnati  filters  may  be  regarded  as  good  practice,  although  the 
advance  in  design  is  so  rapid  that  any  specification  is  liaiile  to  be  obsolete. 
The  sand  layer  is  31  inches  thick,  and,  on  the  averse,  the  effective  siie  is 
o'33  nun.,  and  the  uniformity  coefHcient  is  S'O,  aldiough  the  figures  for  the  top 
layer  are  0'39  nun.,  and  i'35. 

The  sand  rests  on  7  inches  of  gravel,  which  is  kept  in  place  by  means  of  a 
brass  screen  with  apertures  0*063  inch  square.  The  gravel  layers  are  as 
follows  : 

4  inches  of  ^^  inch  to  \  inch  in  diameter. 
2  inches  of  ^th  inch  to  ^  inch  in  diameter, 
1  inch  of  J  inch  to  }  inch  in  diameter. 
I  inch  of  ^  inch  to  i  inch  in  diameter. 

It  will  be  seen  that  no  figures  have  been  given  concerning  the  loss  of  head 
in  the  filters. 

In  practice,  the  woiking  head  varies  from  1,  to  i-j  foot  at  the  conuncnce- 
ment,  and  becomes  at  least  2*5  feet  before  a  satisfactory  effluent  ia  delivered. 
If  bacterial  results  alone  are  considered,  the  head  when  the  filtrate  is  turned  inn 
the-  mains  should  be  at  least  twice  the  initial  head.  The  filters  are  usually 
washed  as  soon  as  the  head  exceeds  iz  feet,  althou^  cases  where  20^  or  even 
26  feet  is  employed  are  not  infrequent. 

It  appears  that  the  depth  of  water  above  the  sand  and  the  vertical  height  of 
the  clear  water  pipes  must  always  be  so  adjusted  that  the  absolute  pressure 
at  the  strainers  is  at  least  equal  to  the  atmospheric  pressure.  No  reason 
can  be  given,  but  if  this  condition  is  not  observed  the  lesulta  are  less 
satisfactory. 

Broadly  speaking,  the  rate  of  filtration  is  about  300  to  400  feet  vertical  (say 
loo  to  130  million  U.S.  gallons,  or  80  to  100  million  imperial  gallons  per  acre 
per  24  hours).  The  results  of  bacterial  tests  generally  indicate  that  thti  lower 
rate  should  be  preferred.  The  matter  is  influenced  by  the  effective  siie  and 
uniformity  coefficient  of  the  sand.  As  an  illustration,  the  case  of  Exeter  (Mass.) 
may  be  mentioned,  where  the  effective  siie  of  the  sand  b<dng  024  mm.,  and  the 
imiformity  coefficient  fjz,  the  "usual  rate"  of  "125  miUion  U.S.  gallons  is 
reduced  to  75  million  gallons  per  acre  per  day," 

It  may  be  inferred  that  the  effect  of  an  abnormal  effective  siie  or  uniformity 
coefficient  of  the  sand  is  very  similar  in  character  to  that  produced  in  a  slow- 
sand  filter.  In  view  of  the  relatively  small  quantity  af  saqd  required  for  all  but 
the  very  largest  installations  of  mechanical  filters,  it  appears  advisable  to  pro* 
cure  a  sand  of  normal  character.  So  far  as  our  present  knowledge  goes,  an 
effective  size  of  03s  to  045  mm.  and  a  umfortnity  coeEBcient  of  17  to  2"2 
specifies  a  good  working  sand,  but  each  firm  of  filter  makers  has  its  own 
particular  ideas,  and  the  effect  of  a  badly  sized  sand  is  so  marked  that  the 
expense  of  procuring  the  size  required  by  the  makers  appears  to  be 
justifiable. 

WASHtsc  OF  Sand  in  Mechanical  Filters. — Washing  is  effected 
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bjr  Rvoreing  the  Sow  of  the  watar.  Preimire  •mlas  enters  by  tbe  stiaiDen,  and 
poises  ihrouffh  th«  gtavd,  agitating  the  sand. 

In  tbe  earlier  fillers,  the  quantity  of  water  forced  through  the  sand  was 
only  sufficient  to  loosen  it,  and  the  dirt  was  tfaerefbre  loosened  and  the  sand 
Btirred  up  by  rakes  hung  from  rotating  arms.  The  water  was  mainly  relied 
oo:  to  carry  away  the  dirt  and  impurities  collected  on  Ehe  sand,  and  tbe  raking 
Loosened  the  dirt,  and  secured  an  even  distribution  of  water. 

Of  late,  it  has  become  usual  to  obtain  a  superior  cleaning  by  forcing  so 
BMich  water  through  the  sand  that  tbe  whc^  bed  is  lificd  bodily.  The 
advantages  over  the  old  system  are  not  very  obvious,  and  appear  mainly  to 
conwst  in  the  suppression  of  the  tnall,  and  therefore  inaE&^ient  machinery, 
used  to  work  the  rakes.  The  rapid  adoption  of  the  practice  in  existing  plants 
shows  that  it  possesses  appreciable  advantages. 

If  water  alone  is  introduced  through  the  older  types  of  strainers,  it  is  found 
that  passages  are  readily  fonnsd  through  the  sand,  and  the  washing  will  then 
be  incomplete.  This  actioa  is  prevented,  and  an  even  and  regular  distributioQ 
of  water  is  secured  over  the  whole  sand  bed  by  the  introduction  of  air  under 
pressure  in  order  to  loosen  the  dirt,  and  afterwards  removing  the  loosened  dirt 
by  water. 

At  Cincinnati,  where  washing  by  water  alone  is  employed,  the  escape  ievel 
is  31  inches  above  the  top  of  the  aand,  when  at  lesi ;  the  effective  site  of  the 
sand  being  0*33  mm.  Of  the  sand  that  was  initially  carried  over,  about 
96  per  cent  was  fomd  to  be  less  than  o'4j  mm.  in  diazneter,  so  that  any 
vnnll^  difference  in  elevation  wonkl,  in  the  long  nm,  cause  the  effective  size 
«f  die  sand  ta  be  increased  through  loss  of  tbe  smaller  grains.  It  may  be 
noted  that  the  sand  used  had  been  selected  and  graded  to  mch  an  eateat 
that  7000  cubic  yards  of  material  were  worked  over  in  oider  to  secure  4000 
CwIhc  yftrdi  of  filter  sand. 

The  best  retulti  are  obtained  at  Cincinnati  by  applying  the  wash  water  in 
the  following  manner : 

For  the  first  minute,  at  a  rate  of  0-30,  to  075  of  a  cubic  foot  per  minute  per 
square  foot  of  fiber  area.  This  loosens  the  particles  of  dirt  and  mud,  whidi  are 
"  stored  t^ '  in  the  whole  depth  of  the  tand. 

For  |wo  or  three  minutes,  at  a  rate  of  i,  to  2*35  cubic  feet  per  minute  per 
s<ji;are  foot.  Under  this  rate  of  washing  it  is  found  that  a  few  grains  of  sand 
are  (anied  up  as  high  as  39  inches,  but  only  a  small  quantity  rises  as  bigb  as 
ij'S  inches,  and  the  maij>  body  of  the  sand  only  rises  icrsj  inches.  The 
fiact  deui|s  are  interesting,  although  (since  they  are  obtained  with  different 
filters)  we  cannot  assume  that  the  sands  are  identical  in  siie  and  grading. 


CaWcFeeiper 
Squtre  Foot. 

A  Few  Grains  Rise 
to  a  Height  of 

A  Sm.11 
Quantity  Rises 

The  M.in  Body 
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a'oo 

■       3-i8 
2-37 

1325  to  39  inches. 
13(5  to  29      „ 
140    to  19      „ 
ISO    K13.0      „ 
23751030      .. 

I L-50  inches. 
ii'So      .. 
1 3-2  5      » 
U'oo      „ 

21-50      .. 

.io'35  indtes. 
10-25      „ 
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The  mulls  are  somewhM  irRgotar,  bat  it»Mn»  fiur  to  inter  that  a  rate 
much  va  excess  of  I'd  cubic  feet  per  minute  would  cause  the  whole  body  of 
the  sknd  to  pass  over.  It  is  also  as  well  to  realise  that  each  fitter  apparently 
poSMsaes  a  definite  rate  of  washing;  which  produces  the  best  reiuhs  ;  althoagh, 
in  fffactice,  the  valves  controlling  the  wash  water  aid  KXtx/geA  m>  as  to 
prevent  a  greater  delivery  than  a  cubic  feet  per  sqoaM  ftwt  per  mknite. 
The  total  pressure  of  the  wash  water  is  eqnrvaleat  to  a  head  of  approxiniately 
40  feet.  This  system  necessitates  a  special  dengn  of  stmners,  otherwise  the 
pressure  M  triiich  the  wash  water  is  delivocd  becomes  too  high  for  economy 
(see  p.  J8a). 

The  figures  which  relate  to  the  systems  in  which  compressed  air  or  rakes 
are  cmjdoyed  to  loosen  the  din  are  somewhat  discordant,  as  the  to8sb  water 
merely  removes  the  dtrt  after  loosemng-  by  air  or  rakes. 

The  major  portion  of  the  worlc  is  not  effected  by  the  water ;   and,  con* 
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Sketch  Ko.  148.— Stiainei  and  Aii  Tipei  for  Mccbonical  Fitters. 


sequently,  the  strainers  are  not  usually  designed  so  as  to  produce  an  efficient 
(bslribntion  of  the  wash  water.  As  already  shown,  when  the  strainers'  are 
properly  designed,  air  injection  and  ralring  are  not  required.  Thus,  the 
figures  now  quoted  are  in  reality  greatly  dependent  upon  the  de«e:n  of  the 
Mtainen.  Better  results  could  probably  be  (Attained  were  tl»B  trainers 
designed  ao  as  to  secure  a  more  equable  -distribotion  of  the  waiet  oww  the 
whole  area  of  the  filter. 

Compare  the  perforated  pipe  strainers  in  Sketch  No.  14S.  with  the 
Washington  strainer  or  those  in  Sketch  No.  147. 

The  following  figures  may  be  noted  as  affording  partial  answers  to  questions 
that  should  be  considered  when  selecting  one  or  other  of  the  various  patented 
fitters  and  strainers. 

The  velocity  of  wash  water  which  just  raises  the  sand,  and  fitsitfordeaninj; 
by  rakes,  is  about  a^  foot  per  minute  reckoned  on  the  grow  fihei  area,  *w  sand 
of  the  following  effective  size  : 


ly  Google 


SSa  C0N7ROL  OF  WATER 

o'4.2  mm.,  and  a  unifbnoity  coefficient  of  t*8 ;  and  o'5  foot  per  minute 
for: 

o'32  nun.,  and  a  unifonnity  coefficient  of  I'S  :  where  no  air  is  used.  In  the 
latter  case,  no  appreciable  loss  of  sand  occurs  when  the  escape  is  lo^  to  12 
inches  above  the  surface  of  the  sand,  which  is  about  4  feet  deep.  A  velocity  of 
o'6zs  foot  causes  some  of  the  fioer  sand  to  be  lost 

The  loos  of  head  in  the  scraineis  when  the  flow  is  reversed  is  somewhat 
high  in  actual  filters,  being  about  i2feet  for  I't  foot  per  minote  in  the  above 
cases,  and  therefore  about  5  feet  and  a-5  feet  at  the  velocities  used  in  washing. 
During  filtration  at  a  rate  of  loo  million  U.S.  gallons  per  acre  per  day 
(i.«.  about  o'2  foot  per  minute  velocity  through  the  sand),  the  loss  is 
approximately  o'8o,  to  0*85  foot  The  strainers  experimented  on  were  the  old 
cup  type,  and  the  losses  in  the  case  of  plate  strainers  of  the  type  used  at 
Cincinnati,  are  apparency  about  60  per  cent,  of  the  abo^'e  values. 

Similarly,  the  velocities  employed  in  two  other  cases  for  washing  by  raking;, 

o-9toi-i  foot  per  minuie,  on  sand  with  an  effective  size  of  o'65  mm.,  and  a 
uniformity  coefficient  of  ri,  and  2*3  feet  deep.  Long -continued  washing  in 
this  manner  did  not  apparently  cause  any  noticeable  loss  when  the  escape 
trough  was  i;  inches  above  the  top  of  the  sand. 

Similarly,  when  sand  of  an  effective  size  of  0*36  mm.  was  washed  by  raking, 
with  the  escape  trough  25  inches  above  the  top  of  the  sand,  no  sand  escaped 
so  long  as  the  velocity  of  the  wash  water  was  restricted  to  one  foot  per  minuie. 
But  when  the  escape  was  lowered  to  15  inches  above  the  top  of  the  sand,  100 
washings  at  the  above  velocity  were  found  to  produce  an  increase  in  the 
eflective  size  of  the  sand  to  0*40  mm. 

It  is  therefore  plain  that  when  such  filters  are  enquired  for,  a  carefol  sinng 
test  of  the  local  sand  should  be  furnished  to  the  firms  tendering. 

In  the  firat  of  the  above  cases  the  velocity  of  2  feet  per  minute,  which  is 
that  suitable  for  washing  by  water  alone,  could  only  have  been  attained  by 
delivering  the  wash  water  at  a  pressure  of  at  least  17  lbs.  per  square  inch 
(besides  all  other  resistances).  The  strainer  system  is  therefore  quite  un- 
suited  for  this  method  of  washing.  Thus,  when  either  water  washing,  or 
water  plus  compressed  air  washing  is  contemplated,  the  tenderers  should  be 
asked  to  specify  the  necessary  pressure  of  the  wash  water,  or  of  the  air  and 
the  water. 

Where  the  washing  is  by  water  alone,  effective  work  is  only  possible  when 
the  strainers  are  of  the  perforated  brass  plate  type,  and  are  buried  in  pits  with 
sloping.sides  as  shown  in  Sketch  No.  147.  The  head  required  to  cause  the 
sand  .to  begin  to  lift  is  usually  approximately  equal  to  the  depth  of  the  sand. 
Russell  Ijoum.  of  An.  o/Eng.  Sac,  vol.  43,  p.  323)  gives  the  following : 

where  H,  is  the  head  of  water  required  to  lift  d  feet  of  sand,  of  a  specific 
gravity  p,  containing  W  per  cent,  of  voids.  The  formula  is  only  valid  when 
applied  to  sands  ranging  from  0'3o  to  o'Jo  mm.  in  effective  size,  Russell  also 
finds  that  when  the  sand  has  been  lifted,  the  following  figures  occur  for 
the  relation  between   H,  and  v,  the  velocity  of  the  wash  water  in  feet  per 
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Tfainy-one  inches  depth  of  sand  of  an  effective  size  of  053  mm.,  ami  a 
nnhlDnniC)'  coeflideiit  of  30. 

t4  =  i-58feeb  «'^2'o6  feet  per  minute. 

H->r6i-  „  »=3'54      „         „ 

H—2'2o  „  «h2'96      „         „ 

With  30  inches  of  sand  of  an  effective  siie  of  o'37  to  0*40  mm.,  and  a 
uniformity  coefficient  of  i'4  to  fj  : 

H=roS  feet.  v=3'o8  feet  per  minute, 

H  =  2-54  „  v=i-si.      „ 

H=2-33  »  v=2-&g      „         „ 

The  last  figure  in  each  case  shows  ihe  relation  when  the  sand  is  thoroughly 
loosened.  Since  the  head  lost  in  the  strainers  in  reversed  flow  is  from  0-5  to 
o"6foot,  wheni'=2-oo  feet  per  minute,  it  is  plain  that  the  total  head  given  by 
Russell's  equation  will  suffice  : 

(a)  To  start  motion  in  the  sand  when  no  water  flows  through  the  system. 

(i)  To  pass  the  water  through  the  lifted  sand  and  the  ^trainer  system,  at  a 

rate  of  3  <o  2*5  feet  per  minute,  according  to  the  amount  of  loosening 

which  the  saqd  bos  experienced. 

Thus,  the  supervisor  should  be  able  to  adjust  the  valves  so  as  to  reduce 

the  pretuire  during  the  Stage  (S)  slightly  below  that  which  is  leqnii^  to  start 

the  motion. 

The  use  of  compressed  air  is  evidently  an  additional  complication,  and 
appears  to  -  be  inadvisable,  tmleis  some  corresponding  advant^e  ui  the 
economy  of  wash  water  is  guaranteed. 

The  velocity  of  the  wash  water  (when  compressed  air  is  employed)  appears 
to  be  about  r;  foot. per  minule,  with  sand  of  an  eficctive  size  of  0*28  nun.  to 
0^36  nun.,  and  I '8  foot  deep. 

The  area  of  the  exit  boles  from  the  air  pipes  must  be  carefully  proportioned, 
in  Older  to  secure  an  equable  diStrttHUion,  and  about  0'02  to  0*03  square  inch 
per  square  foot  of  the  filter  afea  is  usual  (Sketch  No.  148). 

The  pressure  of  the  air  is  usually  from  3,  to  ;  lbs.  per  square  inch,  and  can 
apparently  be  calculated  from  the  static  bead  of  the  water  over  the  oriflcc:9  (i.^. 
op  to  the  escape  level),  together  with  an  allowance  of  0*25  lb.  per  square  inch, 
which  apparently  represents  the  friction  in  the  «and. 

The  figures  are  Idearly  not-  in  agreement,  although  the  ohaervations  are 
accurate.  It  may  be  inferred  that  the  design  of  the  strainers  is  capable  of 
improvement  in  this  connection,  and  that  the  older  types  are  unauited  for 
washing  otherwise  than  by  raking. 

In  every  case  the  size  of  the  escape  troughs  requires  careful  consideratkm, 
since  the  flow  in  these  must  be  sufficiently  rapid  to  remove  the  dirt,  while  the 
whole  volume  of  clean  water  in  the  troughs  is  wasted  as  far  as  cleaning  or 
filtration  is  concerned. 

The  volume  of  wash  water  used  is  by  no  means  immaterial.  Local  circum- 
stances have  a  great  effect ;  but,  on  the  average,  it  is  about  5  per  cent,  of  the 
total  water  filtered,  falling  to  2,  or  3  per  cent,  in  very  favourable  circumstances. 
Values  as  high  as  10  pe^  cent,  are  reported,  but  with  experience  it  is  beliei-ed 
that  7  per  cent,  should  not  be  exceeded. 

During  periods  of  bad  water,  however,  these  values  may  occasionally  be 
doubled. 
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Let  us  assume  a  bad  day,  with  7  pet  cent,  of  wash  water  used.  The  tste  of 
washing  with  rakes  is  about  three  times  that  of  filtratioD,  so  that  nnlus  «e  bave 
a  storage  tank,  the  pump  supplying  pressure  water  must  be  c^iaUe  of  deliver- 
ing aX  a.  rate  of  one-iifch  of  the  volume  dealt  with  by  one  filter.  In  the  case  of 
washing  by  suspension,  the  figure  is  60  per  cent 

Thus,  for  a  large  filter  delivering  about  three  million  U.S.  gallons  per 
24  hours,  a  pressure  water  supply  at  the  rate  of  two  millions  U.S.  gallons,  or 
if  million  imperial  gallons,  per  24  hours,  is  required  for  washing  alone,  and 
the  gross  pressure  may  be  considered  as  approximately  20  lbs.  per  square  inch. 
For  rake  washing,  the  figures  are  about  one-third  of  those  given  above,  and  a 
pressure  of  12,  to  15  ibs,  suffices.  This  means  17  horse-power  in  one  case, 
and  5  horse-power  in  the  other,  for  washing  alone  ;  and,  in  a  plant  containing 
few  filters,  an  elevated  storage  tank  may  prove  economical. 

The  details  as  to  the  quantity  of  water  that  should  be  allowed  to  nm  to 
waste  after  each  washing,  before  a  satis&ctory  effluent  is  obtained,  are  not  very 
well  known.  The  question  was  not  considered  in  the  earlier  types,  a  non-turbid 
effluent  being  held  to  be  satisfactory.  Later  bacterial  tests  on  such  filters  gave 
such  values  as  3,  or  5  per  cent  with  a  test  by  no  means  as  exacting  as  Koch's  ; 
but  a  mere  comparison  of  these  designs,  and  modem  types,  shows  that  these 
figures  would  now  be  overestimates. 

I  am  inclined  to  believe  that  a  skilfully  managed  filter  (every  can  betnlr 
taken  to  establish  a  Schmutzdecke  as  rapidly  as  passible)  should  pass  Kodi^ 
tests  with  not  more  than  3  per  cent  of  waste. 

It  was  also  customary  to  disinfect  filters  at  intervals  of  ux  months,  by  sods 
lye,  or  steaming.  This  appear?  to  be  unnecessary  in  tnoden  types,  where  dnul 
water  space  does  not  exist. 

DeferrUation,  or  EnteiMaimi:.— Many  gtoand  waMrs  comun  iron  in  vartonB 
forms.  Such  waters,  when  exposed  to  air,  usually  deposit  this  iroa  as  x 
preciintate,  giving  rise  to  turbidity  in  the  originally  clear  water. 

In  other  cases,  the  iron  causes  trouUe  by  depositing  u  iron  nookl  oa 
clothes,  or  interfering  with  cooking  processes,  or  by  encomagiag  d*  growth  of 
alime  in  the  water  mains  (see  p.  437). 

■Similar  remarks  ap{riy  to  waters  containing  manganese. 

Processes  for  the  amdioration  of  such  conditions  are  nearly  all  of  Gennan 
origin,  and  the  literature  is  almost  exclusively  so.  The  best  isfannntioii  m 
English  is  found  in  a  paper  by  Weston  {Trant.  Ant.  Soc.  ef  C£^  ytt.  64, 
p.  112). 

We  may  divide  gnnmd  waters  containing  iron  into  thne  clagses  : 

(1)  Those  which  begin  to  precipitate  the  iron  as  soon  as  aerated,  and 

which  generally  contain  iron  in  the  form  of  ferrous  hydrate. 

(2)  Those  which  will  hold  the  iron  in  solution  indefinitely,  even  when 

aerated.     In  these  cases  the  iron  is  usually  combined  with  some 
vegetable  acid,  and  appears  to  be  in  a  colloidal  form. 

(3)  Waters  which  contain  iron  in  both  the  above  forms,  and  therefore 

deposit  part,  but  not  all,  of  the  iron  content  after  aeration. 

The  amount  of  iron  that  will  cause  tnmble  caanol  be  definitely  stated. 

In  waters  of  the  first  class,  0*3  parts  per  miUon  nsnally  appttar  to  be  safe, 
and  over  o'5  give  trouble,  ^though  Weston  ttatcs  diat  in  ceitain  cases  0*1  part 
per  million  causes  difficulty. 
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In  mner  of  the  second  cbus,  quantities  up  to  at)  parts  per  oiillion  do  not 
generally  reqiure  special  treatment.  It  must,  however,  be  resien^red  that  in 
the  placets  of  time  the  water  yielded  by  a  well  which  is  steadily  pumped  tern, 
fraqoeady  changes  its  properties  ;  and  expcneace  iodicates  that,  wltile  bantaew 
is  Idtely  to  dimisosh,  (he  liability  to  iron  troubles  increases. 

In  waters  of  the  first  class,  it  may  be  said  that  the  only  trouble  is  M  ensuvei 
that  the  iron  is  precipitated  and  removed  before  it  enten  the  supply  mains.  The 
weight  of  oxygen  required  to  deposit  the  iron  is  only  one-seventh  IhM  of  the 
iron,  and  this  is  gcoetally  so  sm^l  a  quantity  that  special  precautions  would  be 
required  in  order  to  prevent  the  water  from  becoming'  sufficiendy  aerated  by 
pumping  only.  Difficulties  arise  from  the  fiact  that  the  precipitate  vi  ferric 
hydrate  in  some  cases  rcmuns  in  a  colloidal  form,  and  the  water  cannot  be 
Slteied  in  a  reasonable  period.  The  time  required  ^ler  aeration,  before  the 
water  is  fit  for  fihration,  in  the  sense  that  a  coarse  sand  or  fine  gravel  filter  will 
remove  all  the  iron,  depends  on  the  chemical  canstitution  of  the  water.  Usually, 
the  presence  of  sulphates  is  favouraUe,  asd  little  trouble  is  likely  to  occur  when 
they  are  present.  Chlorides  and  nitrates  are  unfavourable,  but  they  also  in-, 
dicate  a  piriluted  water.  The  presence  of  carbonic  acid  is  also  un&voanUo ; 
bat  this  effect  may  be  greatly  minimised  by  passing  the  water  during^  or  after 
aeration,  through  fine  sand,  or  graveL 

We  may  generally  treat  fonuginous  waters  <A  the  first  claw  by  aeration,-— 
either  that  obtained  by  leaky  glands  in  pumps, — or,  where  carbonic  acid  vst 
other  detrimental  substance*  are  present,  by  trickling  the  water  over  a . rough 
filter  of  gravel,  sand,  coke,  or  broken  bricks,  followed  by  a  roi^h  filtration  in 
wder  to  rentove  the  predpitated  iron. 

It  will  be  evident  that  where  the  precipitation  is  slow,  storage  (after  Aeration) 
inpfovea  the  efiidancy  of  the  process  ;  but  1  am  not  aware  of  any  cases  when 
special  arrangements  for  stonge  have  be«i  fotmd  useM.  In  Geimany.  nearly 
all  the  waters  contain  sul|Aates,  and  precipitate  readily*  In  America,  theoe 
waters  which  precipitate  more  slowly  are  usually  treated  bychemical  methods, 
as  will  be  later  explained 

According  to  Weston,  in  the  case  of  31  German  fdants,  12  have  brick  or 
coke  aerators,  with  sand,  filters.  In  $  others,  the  aerators  are  wooden  slats, 
which  may  be  considered  as  easily  cleaited  substitutes  for  a  coke  or  brick  aerator' 
(aubjea  to  the  disadvantage  of  possibly  fostering  bacterial  growths). 

In  the  four  other  cases,  various  special  aerators  are  used,  composed  of  wood, 
shavings  iminegnated  with  tin  oxide. 

The  aeraUws  appear  to  be  wwked  so  as  to  pass  water  at  a  velocity  varying 
from  15,  to  48  feet  per  hour,  and  there  are  indicatioos  that  a  ^peed  much  abovi) 
48  feet  per  hour  wouM  require  the  inatallation  of  a  "sedimentation  "  tank  between 
Ae  aerator  and  filters.  So  far  as  can  be  ascertained,  the  rate  at  which  the  water 
passes  through  the  aerator  bears  no  relation  to  the  content  of  iron  in  the  water, 
and  )■  [»^}bably  far  more  influenced  by  the  other  salts  present. 

With  4  ports  per  million  of  iron  in  the  water,  cdic  aerators  a^i^iently  require 
dkaning  after  passing  about  200,000  cubic  feet  per  square  foot. 

The  final  fikers  are  of  gravel,  the  mean  diameter  of  the  finest  layer  being 
about  o'2o  inch,  and  work  at  a  rate  varying  from  12  feet  to  70  feet  per  day, 
the  mean  being  about  50  feet  daily. 

It  wiU  be  evident  that  these  filters  an  in  the  aatuie  of  d^groisseurs,  rather 
than  sand  fitters,  and  that  the  iron  deposits  not  only  on  the  lam  bat  also  ia  the 
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interstices.    A  thickness  of  aboat  6;  inches  of  material,  graded  fram  o-io  inch 
to  2  inches  mean  size,  is  usual. 

If  the  constitution  of  the  water  is  such  that  the  iron  remains  in  a  colloidal 
state  after  aeration,  we  have  (to  all  intents  and  purposes)  a  water  of  the  second 
class.  Such  waters,  as  also  those  of  the  third  class,  should,  as  &r  as  our  present 
knowledge  goes,  be  treated  in  the  following  manner  after  aeration. 

The  methods  are  all  founded  on  the  principle  of  encouraging  the  tiansfonna- 
tton  of  the  colloids  into  a  precipitate,  by  formmg  a  second  precipitate  in  the 
water.  Thus,  where  the  factor  preventing  precipitation  is  an  excess  of  carfoomc 
add,  a  preciptate  of  calcium  carbonate  is  produced  by  the  addition  of  lime. 

Where  the  disturbing  factor  is  of  vegetable  origiti,  the  presence  of  iron  is 
usually  combined  with  a  coloured  water.  The  Anderson  process  (see  p-  547)  has 
been  successfully  applied,  but  the  most  practical  method  appear  to  be  the 
addition  of  sulphate  of  alumina  and  clay ;  the  clay  with  the  alum  hydiate 
forming  a  rapidly  settling  precipitate,  and  removing  the  colour  and  iton. 

In  such  cases,  special  provision  for  aeration  is  probably  imnecetsaiy,  and 
there  is  a  certain  amount  of  evidence  to  show  that  aeration  previous  to  coagula- 
tion is  in  some  cases  positively  harmful  as  regards  reduction  of  colour. 

The  water  at  Reading  (Mass.)  may  be  taken  as  aa  example.  It  contains 
iron,  and  is  coloured  by  vegetable  humus,  the  quantity  of  iron  and  the  cotoiation 
being  variable  between  the  limits  0-3  and  10-3  parts  per  milHon  of  iroB  and  at 
least  from  40  to  70  on  the  colour  scale  adopted. 

The  treatment  consists  of  the  addition  of  abottt  7*5  grains  of  alomina  sul-' 
phate  and  4  grains  of  powdered  clay  per  coble  foot  of  water.  So  for  as  can  be 
judged,  neither  the  iron  content  nor  the  colour  in  any  way  influence  the 
<[uantitie5  of  sulphate  and  clay  required.  The  action  is  probobly  entirely 
mechanical.  This  statement  is  also  confirmed  by  the  experience  in  certain 
Other  cases '  recorded  by  Weston,  where  the  formation  of  a  precipitate  of 
calcium  carbonate  with  the  primary  object  of  softening  the  water  (see  p.  590) 
ie  fotmd  to  cause  the  iron  and  colouring  matter  to  assutne  a  fUtrable  form. 

The  treatment  after  the  iron  has  been  rendered  fillrable  requires  special  ex- 
periments. As  an  eiiample,  coagulation  with  aluminium  sulphate,  as  above, 
followed  by  i-^  hours'  sedimentation,  followed  by  aeration  in  a  trickling  filter, 
has  proved  satisfactory,  and  has  also  removed  odours  which  previously  existed. 

The  waters  now  considered  are  generally  fairly  free  from  bacteria.  Conse- 
quently, the  filters  employed  are  usuidly  of  the  mechanical  type,  with  large- 
grained  sand,  but  where  clay  is  added  to  destroy  the  colloids  by  precipitation 
sand  of  an  effective  size  less  than  0^40  mm.  should  be  used.  Where  slow-sand 
filters  are  adopted,  7*5  to  10  million  gallons  per  acre  per  day  is  found  to  give 
satisfaction,  the  filtration  being  a  rough  straining  rather  than  typical  filtration. 

A  peculiar  example  exists  at  Posen,  which  may  serve  as  a  useful  hint.  The 
town  is  supplied  with  water  from  two  sources,  from  one  of  which  an  initially 
clear  water  is  obtained  which  deposits  iron  on  standing.  The  other  water  is 
dark  coloured,  contains  humic  acid,  and,  judging  by  the  description,  is  heaiily 
stained  with  peat.  These  waters  are  very  difficult  to  treat  separately,  but  when 
mixed  are  easily  filtered.  It  appears  that  one  part  of  iron  reacts  with  the 
colouring  substance  in  any  ratio  between  3"2  and  7  parts,  so  that  any  reason- 
able mixture  of  similar  waters  may  be  expected  to  react  in  a  favourable  manner. 

COLOURKD  Waters. — The  occurrence  of  colour  in  water  is  usually  produced 
by  prolonged  contact  with  decaying  vegetation.    The  chemistry  is  therefore 
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somewhat  complicated.  When  accompanied  by  iron  salts,  the  removal  of  the 
iron  should  be  the  first  thing  attempted  ;  although,  even  in  such  cases,  the 
possibility  that  the  ftddition  of  more  iron  (either  as  ferrous  sulphate,  or  by 
Anderson's  process)  may  upset  the  chemical  balance,  should  not  be  forgotten. 

In  Great  Britain,  the  colour  produced  by  peat  is  well  known,  although  of 
late  years,  owing  to  the  custom  of  cutting  deep  catcb-water  drains  through  all 
the  peat-bogs  existing  on  the  catchment  area,  it  has  become  rarer.  But,  even 
at  the  woist,  such  discoloration  usually  causes  but  little  trouble,  since  the 
consumers  do  not  generally  regard  it  as  a  matter  for  complaint. 

Slight  peat  discoloration  is  easily  removed  by  sand  filtration, — or  by  aeration, 
followed  by  a  rough  filtration.  When  organic  chemical  standards  of  fairity 
are  seriou^y  regarded,  peat  may  give  rise  to  indications  which  may  possibly 
suggest  pollution. 

In  hot  climates,  where  the  life  and  decay  of  vegetation  are  more  intense 
than  in  Temperate  countries,  the  colour  problem  becomes  moi«  urgent ;  and 
[unlike  peat  stwning)  waters  30  affected  are  usually  injurious  to  health.  Details 
of  successful  processes  vary  in  nearly  every  case,  but  the  general  principles  are 
mainly  the  same.  It  should  be  remembered  that  while  colour  is  the  obvious 
source  of  offence,  the  real  success  of  the  treatment  depends  upon  the  effect 
which  the  treated  water  has  upon  the  health  of  the  consimiers. 

In  the  first  place,  the  source  of  the  colour  is  usually  evident,  and  where  this 
can  be  removed  at  small  cost,  it  should  be  done,  Such  steps  as  denuding  the 
banks  of  the  reservoir  of  turf  and  vegetation  (for  say  20  feet  below  high-water 
level),  and  removing  all  dead  trees,  are  obvious.  The  expense,  however,  may 
be  too  great,  and  such  excessive  caudon  as  was  displayed  in  the  case  of  soma 
of  the  New  England  reservoirs  by  stripping  the  whole  of  the  reservoir  site  of  all 
vegetaUe  earth  appears  to  be  a  waste  of  money,  because  a  proper  process  of 
purification,  including  its  running  expenses,  would  have  proved  less  costly. 

The  methods  of  purification  may  be  stated  as,  aeration  followed  by  treatment 
with  metallic  iron,  or  other  coagulant,  followed  by  filtration.  It  is  only  rarely 
that  the  coloration  is  so  obstinate  as  to  require  all  three  processes. 

I  shall  therefore  describe  the  moat  complex  method  that  I  am  acquainted 
with,  and  would .  renvrk  that  one  or  other  of  these  three  alone  usually  suffices 
for  the  renkoval  of  all  coloration. 

Chadwick  and  Blount  {P.I.C.E.,  vol.  156,  p.  18)  dealt  with  a  Maurithis 
reservoir  water  of  the  following  composition, 


7-60  parts  per  1 


o'o64       „ 
0*42  .      » 


Total  solids        .  .  .        7-60  parts  per  100,000 

Chlorine 

Free  ammonia    . 

Albuminoid  ammonia 

Oxygen  absorbed 

Nitrogen  as  nitrates 

Nitrogen  as  nitrites 

Hardness 

and  proceed  as  follows  : 

The  reservoir  was  drawn  down  as  far  as  possible,  and  all  the  trees  and 
vegetation  were  removed  from  the  low-water  line  to  10  feet^bove  high  water. 
The  roots  and  stumps  of  all  submerged  vegetation  were  removed  by  a  grab 
dredger. 
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The  compensation  sluice  was  also  lowered,  so  that  the  o 
wu  drawn  from  the  deepest  poiticm  of  the  reservoir,  instead  of  bein^  taken 
from  the  top  layers  as  previously ;  and  a  regular  system  was  adopted  of 
dischargiiig  the  excess  water,  as  far  a&  possible,  through  this  lowered  sluice,  in 
place  of  over,  the  escape  weir. 

The  water  ialended  for  town  supply  is  first  treated  with  Iron  in  an  Andersoa 
revolving  purifier,  where  it  takes  up  about  20  lbs.  of  iron  per  million  galloBO. 
It  is  then  aerated  by  being  passed  into  a  series  of  trays,  1  feetx  i  footx  1  fool, 
with  bottoms  of  delta  metal  plates,  fths  of  an  inch  thick,  pierced  with  45&t 
holes  per  tray,  each  bole  being  o'o4  inch  in  diameter,  and  discharging'  0*87 
galtoB  per  hour,  under  8  inches  bead.  Thus,  one  tray  deals  with  3988  g^ons 
[>er  hour  and  fifteen  with  1,000,000  imperial  gallons  per  24  hours  (with,  aUowaace 
for  cleaning).  The  water  falls  6  feet,  and  is  thus  aerated  to  saturation,  and  is 
tbua  filtered  by  slow-sand  filters  of  the  usual  type. 

This  question  of  aeration  by  small  orifices  is  interesting.  The  authors  state 
that  unless  the  head  on  the  orifice  exceeds  a  certain  value,  which  they  term  the 
"critical  head,"  the  snull  threads  of  water  tend  to  coalesce,  and  good  aeration 
is  not  secured.  Above  this  value,  jets  that  have  actually  coalesced,  mUo- 
maticaUy  separate  when  allowed  to  do  so. 

They  further  giv«  the  following  table  : 


'THnnetCTofHole 
iDlBdws. 

Critioit  Head 
inFe«t. 

Dcliveiy  per  Hour  under  Ciitical  Head.  | 

Cubic  Feet. 

Imperial  G.II0M. 

0-540 

0-67 

0-14 

0-8, 

0-036 

092 

.0,3 

083 

0-032 

O'tl 

067 

0-028 

I  33 

0-083 

o'sa 

,_     0-024 

1-83 

0083 

05; 

A  similar  prbcess  has  been  applied  at  Nairobi  (Uganda),  except  that  here, 
after  aeruion,  aluminium  sulphate  (about  6'3j  gtnins  per  cubic  faot),  and 
approximately  3  grains  of  lime  per  cubic  foot  are  added,  and  the  coagulation 
thus  obtained  pennits  mechanical  filtration  to  be  employed. 

These  processes  are  obviously  somewhat  conifdicated,  and,  while  qoaotilies 
of  1,000,000  gallons  per  24  hours  are  successfully  handled,  the  method  employed 
by  Tomlinson  at  Singapore  {P.I.C.S.,  vol.  1  $6,  p.  42)  seems  more  practical 
when  really  large  volumes  are  dealt  with.  At  Singapore  the  water  is  somewhat 
unsystematically  aerated  by  turning  the  filter  supply  pipes  upwards,  and  the 
filters,  which  work  at  a  rate  of  about  3-2  feet  per  24  hours  of  actual  work  (say 
900,000  imperial  gallons,  or  1,080,000  U.S.  gallons  per  acre  per  24  hours),  are 
cleaned  every  4,  to  14  days,  according  to  the  season,  and  arc  aerated  for  12  hours 
after  each  cleaning.  The  raw  water  is  very  bad,  and  the  rate  of  filtration  (in  view 
of  the  frequent  cleanings  and  the  time  lost  in  aeration)  is  slow.  A  far  greater 
speed  could  be  attained  by  really  systematic  aeration  of  the  water  by  means  of 
fountains,  or  spraj'S  ;  and  the  time  required  for  aeration  of  the  filters  coidd  be 
reduced  by  embedding  a  layer  (say  6  iitchcs)  of  porous  carbon,  or  chwcoal,  in 
the  filter  sand,  as  is  done  in  ths  case  of  at  least  one  English  town,  wiMie  tkc 
raw  water  is  turbid  and  discoloured  by  peat,  after  rain. 
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Colour  in  watsr  occasionally  aBSumes  a  ccriloidal  fonn.  The  qnestion  haa 
been  discussed  under  the  retnoval  of  iron  (see  p.  586) ;  and,  in  addition  to  tte 
methods  already  described,  the  coagvlation  processes  there  discussed  may  be 
employed.  The  most  efioctive  process  when  applied  only  to  remove  colouft 
appears  to  be  an  addition  of  powdered  day  followed  by  coagulation  with 
ferrous  sulphate.  The  after  filtration  cannot  usually  be  satirfactoiily  effected 
at  such  high  rates  as  are  used  when  precipitated  colloidal  iron  is  strained  out. 
The  (fueation  depends  entirely  upon  the  bacteriftl  cost«nt  of  the  water,  and 
must  be  settled  by  a  bacterial  examination.  ' 

The  removal  of  colour  either  by  ferrouq  sulphate,  or  by  aluminium 
sulphate,  may  occasionally  be  found  to  proceed  badly,  even  although  the  colour 
itself  ^rapidly  combines  with  the  hydrates  of  iron  or^  aluminium  \t.i.  the 
coagulating  precipitate).  The  causes  are  obscure,  but  igood  practical  results 
have  been  obtained  hy  producing  the  hydrates  in  a  concentrated  form  by 
precipitating  a  solution  of  the  coagulant  with  time  or  lodiiun  cariioiiate  in  a 
special  vessel,  and  then  adding  the  precipitate  of  hydrates  to  the  coloured 
water.  Sach  cases  require  careftil  investigation.  Sometimes  the  precipitate 
and  the  mother  liquor  can  be  thrown  into  the  coagulating  basin  as  soon  as 
fortned,  but  occasionally  I  have  found  that  this  method  is  useless,  and 
that  success  was  only  attained  when  the  coagulating  precipitate  was  fre^ 
from    the  mother  liquor  by  decapitation  before  adding  it    to  the  coloured 

Odours  and  Tastes  jn  Waters.— T^nesb  are  usually  caused  by  the 
decay  of  plants  or  animals  inhabiting  the  water.  They  are  therefore  most 
frequent  in  hot  climates,  and  in  more  Temperate  countries  usually  occur  in  the 
summer  and  autumn. 

Treatment  generally  consists  in  the  destruction  of  the  organisms,  Uie  decay 
of  which  gives  rise  to  the  odours  and  tastes- 

A  very  common  method  is  the  application  of  copper  sulphate.  This  salt 
(in  a  dilute  solution  of  one  part  per  million  or  less)  usually  effects  the  destruc- 
tion of  algK.  It  is  best  applied  by  placing  the  requisite  quantity  in  a  tiag, 
which  is  moved  about  the  reservoir  so  that  the  salt  dissolves  slowly  and 
uniformly.  It  will  be  found  that  two  consecutive  applications  of  copper 
sulphate  at,  say,  a  week's  interval  are  more  effective  than  one  of  die  same 
tpial  quantity.  The  process  requires  care,  since  the  presence  of  an  abundant 
growth  of  algx  or  other  organisms  generally  produces  growths  of  living 
plants  in  the  mains,  which  live  on  the  products  of  the  original  organisms.  If 
these  are  killed  by  copper  sulphate,  or  other  treatment,  the  growths  in  the 
pipes  will  die,  and  may  temporarily  give  rise  to  worse  conditions  than  tiose 
originally  prevailing. 

As  processes  less  specially  adapted  to  the  removal  of  taste  and  odours,  4JI 
those  described  under  Colour  in  Water,  arc  effective.  Also,  in  the  case  of 
slow-sand  filters,  merely  diminishing  the  usual  rate  of  filtration  is  in  most 
instances  beneficial.  So  far  as  1  am  aware,  all  difficulties  on  record  occurring 
when  sand  filters  are  used,  have  been  successfully  dealt  with  by  aeration  and 
double  filtration.  This  process  is  no  doubt  simple,  but  obviously  must  be 
frequently  quite  impracticable,  for  want  of  fillers.  From  personal  experience, 
I  have  found  that  aeration  and  a  dosing  with  alumina  sulphate  and  powdered 
clay  (the  water  was  too  clear  to  give  a  good  fall  of  coagulated  matter  without 
this  addition)  was  very  effective.     Towards  the  end  of  the  'leason  of  bad  wator, 
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aeration  was  not  required.     I  considered  the  water  extremely  offensive,  but  in 
these  matters  there  is  no  fixed  standard  to  af^)eal  to. 

The  most  complicated  process  I  am  aware  of  is  that  in  use  at  Charleston 
(S.C,),  where  a  very  shallow  reservoir  water  receives  the  following  treat- 

{■)  Copper  sulphate  in  the  reservoir. 

(2)  Aeration. 

(3^  Coagulation  and  two  days'  sedimentation. 

(4)  Aeration. 

(;)  Mechanical  filtration. 

(6)  Aeration. 

The    process  is  complicated,  and   I   believe    that  the    following  defects 

(i)  No  clay,  or  other  finely  divided  matter  is  added  to  "help  the 
coagulation  down." 

(3)  Mechanical  fUtmtion  is  certainly  less  suited  to  deal  with  tastes,  and 

odours,  than  slow-sand  filtration. 

It  should  be  realised  that  these  matters  are  essentially  biological  in 
character,  and  that  the  correct  manner  of  dealing  with  them,  after  their  first 
occurrence,  is  to  study  the  Kfe-history  of  the  plants  and  animals.  The 
remedies  should  also  be  applied  not  at  the  moment  when  the  odours  or  tastes 
manifest  themselves,  but  rather  when  the  first  generation  of  the  organisms 
appears.  Considerable  assistance  is  aflbrded  by  encouraging  frogs  and  fish  in 
reservoirs,  and  where  the  water  is  flhered  before  consumption,  the  ptescnce  of 
such  animals  is  quite  unobjectionable. 

Cases  arising  from  the  presence  of  dissolved  gases  {e.g.  sulphuretted 
hydrogen)  should  be  the  subject  of  special  investigation.  As  a  general 
principle,  however,  these  gases  usually  occur  in  ground  waters,  and  it  is  only 
very  rarely  that  any  undesirable  factor  in  a  ground  water  is  not  greatly 
improved  by  aeration. 

SoFTKHlNG  Processes.— In  principle,  these  processes  are  fbimded  on  the 
method  introduced  by  Dr.  Clarlt  in  1841. 

The  hardness  of  water  is  due  to  two  causes,  and  may  be  divided  into  two 
classes,  temporary,  and  permanent.  Temporary  hardness  consists  of 
bicarbonates  of  lime  and  magnesia,  which  may  be  considered  as  simtde 
carbonates  of  these  elements  held  in  solution  by  carbonic  add  gas  dissolved  in 
water.  When  this  carbonic  acid  gas  is  expelled  (as  by  boiling),  the  carbonates 
become  insoluble,  and  are  precipitated. 

Clark's  process  consists  in  adding  to  the  water  a  sufficient  amount  of  lime 
to  combine  with  the  dissolved  carbonic  acid,  and  thus  produce  a  precipitate 
not  only  of  the  carbonates  already  eicisting  in  the  water,  but  also  of  those 
formed  by  the  combination  of  the  added  lime  and  the  carbonic  acid  in  the 


The  reaction  is  expressed  by  : 

Ca(  HCO3), + Ca(HO), = 2CaC0j + 3H.O 

The  water  presumably  being  already  saturated  with  all  the  calcium  carbon- 
ate it  can  distolve,  when  no  carbonic  add  is  present,  the  whole  of  the  tenqiorary 
hardness  is  removed. 
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Thn  eqaatioa  indicates  tbat  for  every  loo  parts  of  caldam  outionate 
(ndsting  as  bicarbonste,  or  fbT  ever/  44  parts  of  carbonic  acid,  56  parts  of 
freshly  burnt  unBlaked  lime  ai«  t«qnired,  and  100  pans  of  calcium  carbonate 
are  pred  pi  taxed. 

If,  howetcT',  magnesuim  also  exists  in  the  water,  in  die  form  of  magncsiom 
bicarbonate,  tbe  results  are  more  complicated.  In  the  first  place,  the  eqnadon 
similar  to  that  ^Tnn  above,  fihows  that : 

Eigltty-fonr  parts  of  magnesium  carbonate,  or  44  parts  of  carbonic  add  as  a 
bicarbonate,  consume  56  parts  of  lime;  and  184  parts  of  the  mixed  carbonates 
at«  deposited.  Bat  magnesium  carbonate  is  fiurly-  soliAle,  so  that  it  is 
usually  necessary  to  double  tbe  quantity  of  lime,  producing  tbe  reaction  : 

MgCO,+Ca(OH),-Mg(OH),.CaCO, 

so  that  the  final  result  is  : 

Eighty-four  parts  of  magnesium  airbonate  comtnne  with  i  is  parts  of  lime, 
producing  358  p£tts  of  a  mhted  precipitate. 

Thus,  a  priori,  any  calculatiwi- from  the  qaantity  of  the  carbonic  acid,  or 
tbe  total  weight  of  the  combined  carbonates,  is  impossible.  In  a  natural 
water,  however,  although  the  alkalinity  may  vary  from  day  to  day.  It  is 
unlikely  that  the  ratio  of  the  lime  and  magnesia  salts  will  greatly  alter. 
Thus,  if  we  are  aware  that,  as  a  rule,  one  part  erf  alkalinity  per  100,000 
requires — let  us  say — three  grains  of  time. per  cutnc  foot,  for  proper  softening, 
it  is  unlikely  that  the  ratio  will  alter  greatly  over  the  whole  year,  and  one  or 
two  estimates  of  tbe  weight  required  (covering  as  far  as  possbile  the  whole 
variation  In  alkalinity)  will  usually  suffice  to  enable  a  calculation  of  the  yearly 
weight  of  lime  to  be  made. 

Permanent  hardness  principally  consists  of  lime  and  magnesia  satt^  in 
combinations  other  thiui  those  above  discussed.  The  effect  which  an  addition 
of  softening  chemical  vrillha^  can  only  be  stated  in  general  terms.  The  usual 
reactions  are ; 

(i)        CaS04+Na)COt=°NaaS04-t:CaCOi 

That  is  to  say,  soluble  sulphate  of  lime  is  thrown  down  in  the  form  of  chalk, 
by  the  addition  of  carbonate  of  soda,  and  the  less  objectionable  sulphate  of 
soda  reooains  b  solution- . 

(ii)        CaCI,+NaCO.=aNaCl+CaCO, 

This  is  the  same  principle,  chalk  being  deposited,  and  common  salt 
remaining  in  sokition. 

Similar  .reactions  occur  with  magnesium  salts.  These  processes  (and 
many  others)  are  crften  used  for  the  preparation  of  waters  intended  for  use 
in  iteam  boilen.  Their  appQcation  on  a  targe  scale  to  the  purification  of 
water  intended  for  htiinan  consumption  is  unusual,  but  is  growing  more 
commoo.  I  cannot  but  tonsider  that  their  <  systematic  tise  must  generally 
(exduding  very  arid  -tegions)  be  considered  as  indicating  a  fundamental 
error  in  the  selection  of  the  source  from  which  the  water  is  drawn-  ' 

Tbe  bacterial  results  of  a  water  softening  process  are  merely  acddentaJ,  and 
resemble  those  of  a  long  sedimentatioa  (sec  p.  jji). 

If  an^  suspended  matter  is  present  in  the  water,  the  precipitate  wilt  generally 
fotm  round  the  suspended  particles,  and  these  will  be  rapidly  carried  down. 
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On  the  other  hand,  the  predpitatea  obtamed  consist  mainly  of  caldom  caibosate, 
which  is  a  granular,  pulverulent  substance,  has  but  poor  coagulating  properties, 
and  does  not  form  an  efficient  Schmutzdecke  on  a  filter.  However,  piactiol 
experience  has  shown  that  water  softening  processes  do  not  materially  intcifiere 
with  coagulation,  and  the  two  processes  may,  where  necessary,  be  carried  oat 
simultaneously. 

Such  combined  processes  have  been  largely  iatioduced  in  America  tA  late 
years.  In  England,  the  Porter-Clark  process  is  frequently  employed  for 
softening  waters  drawn  from  chalk  wells.  Since  such  wells  generally  yi^d 
clear  waters  of  great  bacterial  purity,  coagulation,  or  sand  filtration,  b  rarely 
necessary. 

Practical  Details. — These  have  been  discussed  in  connection  wilfa  the 
ferrous  sulphate  process.  The  main  difficulties  (other  than  the  mechanical  ones 
connected  with  the  addition  of  milk  of  lime)  lie  in  the  time  required  for  tbe 
reactions  given  above  to  be  fiilly  completed. 

Delay  is  chiefly  caused  by  the  presence  of  magitesia,  since  the  reaction  ex* 
pressed  by  the  last  equation  is  not  only  slow  in  itseU,  but  appears  to  exercise  a 
prejudicial  effect  on  the  previous  reactions.  .i 

The  determination  of  the  size  of  tbe  preci[Htation  basin  is  consequently  a 
somewhat  complicated  matter.  If  the  basin  is  too  small,  incrustations  in  tbe 
filter  drains  and  pipes  will  occur,  or  the  full  benefit  of  the  reactions  cannot  be 
attained,  and  the  effiuent  will  contain  a  certain  amount  of  hardness  that  could 
be  removed. 

The  problem  is  really  therefore  intimately  connected  with  local  opinion  as  to 
the  amount  of  hardness  that  is  permissible.  Waters  exist  in  which  at  least  12, 
to  15  hours  would  be  required  in  order  to  remove  the. whole  amount  of  hardness 
that  it  is  possible  to  deposit.  A  settling  basin  of  this  size  solely  for  the  purpose 
of  ameliorating  the  water  is  usually  more  expensive  than  the  benefits  gained 
justify  (see  p.  564).  If  the  water  also  contains  a  large  amount  of  permanent 
hardness,  and  either  the  entire  removal  of  the  temporary  hardness,  or  tbe 
partial  removal  both  of  temporary  and  permanent  hardness,  is  necessary  to 
produce  a  satisfactory  water,  the  cost  of  a  large  settling  basin  may  be  justified 
in  view  of  the  fact  that  the  permanent  hardness  can  only  be  removed  by  means 
of  tbe  relatively  costly  carbonate  of  soda. 

The  largest  basin  in  practical  use  appears  to  be  at  Winnipeg,  and  holds 
eight  hours'  supply. 

The  chalk  waters  of  southern  England  contain  comparatively  little  petmanent 
hardness  (on  the  average  3  or  3  degrees  only],  and  a  very  large  proportion  (28 
degrees  is  reduced  to  3J  degrees',  and  18  degrees  to  6  degrees)  of  the  temporary 
hardness  is  removed  by  one,  or  at  the  most  three  hours'  settling.  But  these 
must  be  r^^arded  as  favourable  cases,  since  the  magnesia  content  is  smalL 

We  may  sum  up  the  facts  by  stating  that  six  hours  may  be  considered  as 
normal  (although  probably  somewhat  in  excess  of  present-day  practice)  for 
waters  containing  about  30  per  cent,  of  their  temporary  hardness  in  the  form  of 
magnesia,  and  accompanied  by  an  amount  of  permanent  hardness  such  that  a 
reduction  of  the  temporary  portion  to  S  degrees  gives  a  satisfoctory  water. 

The  size  of  the  reaction  basin  may  be  increased  in  the  case  'of  waters  con- 
taining more  magnesia  temporary  hardness,  or  permanent  hardness,  and  may 
be  diminished  in  favourable  examples  of  less  magnesia  and  permanent  hardness. 

Careful  laboratory  experiments  should  be  made  in  any  particular  instance. 
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and  Bfaould  be  checked  by  a  fairly  ki^  scale  test— say  1 500  gallons— before 
the  final  designs  are  drawn  up. 

A  certain  decrease  in  sedimentation  capacity  can  be  obtained  by  re-carbon- 
aung  the  treated  water  by  the  injection  of  carbonic  add,  usually  produced  by 
the  combustion  of  coke.  After-deposits  in  the  filtersor  mains  are  thus  prevented, 
and  the  water  is  rendered  more  pleasant  as  a  beverage.  So  far  as  my  experience 
goes,  the  advantages  over  the  original  Clark  process  are  most  marked  in  the 
case  of  waters  that  contain  but  little  magnesia. 

The  precipitate,  in  so  far  as  it  consists  of  calcium  carbonate,  is  very  readily 
removed,  and  the  cloth  screens  introduced  by  Atkins  give  great  satisfaction  in 
the  treatment  of  chalk  water.  These  screens  are  washed  by  reversing  the  flow, 
and  it  will  therefore  be  plain  that  they  are  less  well  adapted  to  deal  with  pre- 
cipitates containing  a  large  proportion  of  somewhat  glutinous  magnesia  hydrate. 
Difficulties,  however,  are  unlikely,  provided  that  the  above  rules  are  followed  in 
the  determination  of  the  sedimentation  capacity. 

In  cases  where  magnesia  hardness  is  of  importance,  the  completion  of  the 
reaction  can  be  somewhat  hastened  by  stirring  up  (usually  by  compressed  air] 
the  old  precipitate,  and  mixing  it  with  the  newly  dosed  water.  The  falling  pre- 
cipitate  in  some  way  encourages  the  completion  of  the  reaction.  The  sedi- 
mentation capacity  can  then  be  reduced  to  about  one-half  of  that  stated  above. 
This  is  not  the  only  advantage.  If  a  magnesia  water  is  treated  by  lime  a  small 
quantity  of  magnesia  hydrate  (?)  always  remains  in  solution,  and  is  only  deposited 
on  heating.  This  hydrate  (?)  is  a  gummy  substance,  and  may  rapidly  clog  the 
feed  valves  of  a  water  heating  apparatus.  The  predpitate  stirring  process  re- 
moves this  hydrate,  and  is  therefore  an  almost  indispensable  addition  to  softening 
processes  when  applied  to  waters  containing  magnesia  which  are  largely  used 
for  boiler  feeding  or  other  purposes  entailing  heating. 

Regulating  Apparatus  Employed  in  FiLTRAXiON.^The  necessity  for 
some  method  of  regulating  the  quantity  of  water  filtered  is  obvious.  The  head 
required  to  force  the  water  through  a  filter,  at  a  given  rate,  varies  according  to 
the  construction  of  the  filter  ;  and  also  more  markedly,  from  day  to  day,  accord- 
ing to  the  condition  of  the  Schmutzdecke.  This  factor  alone  is  responsible  for 
variations  ranging  from  a  few  inches,  up  to  5,  or  6  feet ;  or,  in  mechanical  filters, 
from  2  feet,  up  to  15  or  20  feet. 

The  original  regulating  appaiaCos  was  a  valve  in  the  discharge  main  from 
the  under-drains,  which  was  adjusted  by  hand  to  pass  water  at  the  required 
rate,  and  gradually  opened  as  the  head  necessary  to  pass  the  desired  quantity 
increased. 

This  was  a  tough  method,  and  entirely  depended  upon  the  care  and  judgment 
of  the  operator.  Later,  a  weir  was  added  in  order  to  measure  the  quantity  de- 
livered accurately,  and  with  careful  operation  perfectly  satisfactory  results  can 
be  obtained. 

The  more  usual  method,  however,  consists  of  a  telescopic  tube  raised  or 
lowered  by  a  screw,  and  provided  with  a. graduated  scale  to  show  the  quantity 
of  water  taken  in  over  the  circular  weir  thus  formed.  Adjustment  by  maans  of 
the  screw  permits  a  given  quantity  to  be  delivered  daily,  and  is  superior  to  {he 
method  of  valve  and  weir,  but  the  necessity  fpr  constaqt  supervision  i^.equally 
great. 

The  diichai^e  can  be  automatically  legislated  if  the  telescopic  tube  be  fixed 
to  a  float  so  that  the  top  of  the  tube  rentains  at  a  constant  depth  below  t^e 
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water  surface.  The  Philadelphia  modification  \%  probaUy  the  most  reliable 
fonn,  since  the  discbarge  is  through  a  series  of  deep  slots,  instead  of  over  a 
long,  circular  weir.  As  is  shown  in  the  general  discussion  on  Weirs,  an  error 
in  the  position  of  the  sliding  tube  i^e.g.  due  to  sudden  change  in  the  water  level, 
accompanied  by  a  sticking  of  the  tube  in  its  guides)  produces  far  less  vaiiadoD 
in  discharge  under  these  circumstance*. 

Burton  designed  the  regulator  shown  in  Sketch  No.  149,  which  is  in  effect  a 
balanced  valve,  governed  by  a  piston,  and  the  difference  of  the  pressure  on  the 
sides  a,  and  b,  ai  this  piston  is  plainly  the  head  required  to  force  the  quantity 
of  water  delivered  through  the  ori6ce  ed.    We  thus  see  that : 

If  tc,  is  the  weight  of  the  piston,  valves,  and  their  connecttng  stem,  when 
weighed  in  water,  and  a,  is  the  area  of  the  piston  in  square  inches  ; 

The  pressure  required  to  lift  the  valve  is  : 

/}=— lbs.  per  square  inch=2-3?^  feet  head  of  water. 


Sketch  Na  149.— Automatic  Diqdingm  BegutUing  Valvea. 

Now,  if  q,  is  the  quantity  of  water  passing  in  cubic  feet  per  second,  and 
A,  is  the  area  in  square  feet  of  the  hole  in  the  diaphragm  cd,  we  have 
f=fA\'2^,  where  c,  is  the  coefficient  of  discharge  for  the  drcular  orifia  ;  and 
p,  is  expressed  in  feet  head  of  water.    Hence  we  get : 


i=ch^2g^Ti  -  7-9iA.J^  cusecs 


since  e,  can  be  taken  as  o'65,  in  view  of  the  suppression  of  contraction. 

The  details  of  the  non-coned  valve  and  valve  seats  given  by  Burton 
{Water  Suf^ly  of  Towns,  Fig.  114)  should  be  carefully  adhered  to.  Where 
(as  in  Weston's  design  applied  to  the  regulation  of  mechanical  filters)  coned 
valves  and  valve  seats  are  desirable  for  practical  reasons,  oscillations  and 
hammering  of  the  valve  will  occur.  Weston  largely,  but  not  entirely,  prevents 
this  effect  by  the  insertion  of  a  stilling  device  in  the  form  of  a  diaphragm  with 
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a  small  hole  in  it,  between  the  valve  and  the  balancing  piston.  (Sketch 
No.  1 49-) 

Fuertes  {,Water  Filtration  Works,  p.  171)  gives  a  sketch  of  a  regulator 
consisting  essentially  of  a  vreir  closed  by  a  slide,  which  is  governed  by  a  float 
actuated  by  the  water  level  in  the  clear  water  welt.  This  seems  less  liable  to 
give  trouble  through  sticking,  than  sliding  tubes,  altbough  I  cannot  say  that  my 
own  experience  with  sliding  tubes  has  been  unfortunate  in  this  respect,  and 
I  have  rarely  beard  them  complained  of 

On  examining  the  working  drawings  of  actual  examples  of  such  sliding  tube 
tegulatois,  it  will  appear  that  a  good  deal  of  ingenuity  has  been  devoted  to 
securing  water-tightness  at  the  sliding  joint,  where  the  telescopic  tube  enters 
its  holder.  This  seems  somewhat  unnecessary,  since  leakage  at  this  point 
(unless  large)  matters  but  little,  for  what  we  are  concerned  with  is  not  the 
absolute  magnitude,  but  rather  the  amount  of  variation  in  the  quantity  of  water 
passing,  as  the  water  surface  in  the  clear  water  welt  rises  and  falls  with  the 
variation  in  working  head. 

As  an  example,  let  us  assume  a  variation  in  working  head  of  5  feet  (which 
is  greater  than  tltat  usually  permitted),  and  ttiat  when  the  filter  starts  working, 
the  effective  head  producing  leakage  throogh  the  joint  is  I  foot. 

Assuming  a  joint  4  feet  long,  and  g^th  of  an  inch  wide,  we  have  an  area  of 
075  square  inch  and  the  leakage  does  not  e»xed  0*025  t°  ooj,  or  as  a  mean 
ov»7  cusec,  or  about  1 5,000  gallons  per  34  hours,  and  under  a  6-foot  head  the 
leakage  in  the  same  period  will  be  about  37,000  gallons. 

Such  a  regulator  may  be  assumed  as  intended  to  pass  at  least  2,ooc^ooo 
gallcms  per  34  hours,  so  that  even  if  no  adjustment  of  the  regulating  screw  is 
made  during  woricing,  it  would  actually  pass  atwut  3,015,000  gallons  when  first 
started,  and  about  2,037,000  gallons  when  working  at  maximum  head.  The 
variation,  therefore,  is  at  the  most  a  little  over  I  per  cent.  Thus,  it  would  appear 
that  a  plain  metal  joint,  such  as  can  t)e  constructed  by  any  workman  provided 
with  a  lathe,  will  suffice  for  quite  as  accurate  regulation  as  is  necessary. 

If,  however,  for  any  reason  such  variation  is  not  permissible,  it  will  be  quite 
evident  that  any  ordinary  liai  leather  packing  will  give  all  the  accuracy  we 
can  possibly  require.  Personally  speaking,  in  view  of  the  fact  that  if  the 
tube  sticks,  the  Sclunutzdecke  may  be  ruptured,  and  unfiltered  water  may  be 
delivered  into  the  mains,  I  consider  that  a  tight  joint  or  complicated  packing, 
should  be  avoided. 

A  fui^l  exists  in  the  design  of  the  upper  portion  of  a  sliding  tube.  Let 
us  consider  the  case  already  sketched  out.  A  4-foot  weir  without  end  con- 
tractions, with  its  sill  0*50  foot  below  the  water  surface,  will  discharge  at>out 
3-33X4XO-36=4-8cusecs,  or  roughly  2,600,000  gallons  daily. 

The  area  of  a  circular  pipe  4  feet  in  circumference,  is  about  lag  square 
foot,  or  the  mean  velocity  of  the  water  when  it  enters  the  pipe  should  tw  about 
37  feet  per  second.  The  mean  velocity  over  the  weir,  even  if  no  shock  occurs, 
is  actually  somewhat  less  than  2'4  feet  per  second,  so  that  the  upper  end  of  the 
pipe  will  larely  carry  the  weir  discharge.  Thus,  for  safety,  a  bellmouth,  of  the 
form  indicated,  is  necessary.  The  extra  length  of  weir  thus  obtained  reduces 
the  head  required  to  discharge  3,600,000  gallons  per  day,  and  in  this  particular 
case  we  may  enter  the  region  of  low  heads,  where  Francis'  formula  ceases  to 
be  accurate  (see  p.  106). 

In  practice,  it  is  simpler  to  design  the  weir  so  as  to  pass  the  required 
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quantity  under  a  fairly  low  head,  say  0*40  foot,  and  to  adjust  it  accunitety  by 
observing  the  rise  in  the  clear  water  reservoir  as  soon  as  operations  b^n. 

Influbnck  of  Climate  on  Processes  for  Water  Purificatiom. — 
The  effect  of  hot  or  cold  weather  on  various  processes  has  been  referred  to  on 
several  occasions  (pp.  520,  532,  S54,  and  587)- 

Generally  speaking,  the  hotter  the  weather  the  more  effective  all  chemical 
processes  will  be.  It  is  often  difBcult  to  effect  a  satisfactory  coagulation  in 
very  cold  water  {j!.g.  water  drawn  from  rivers  covered  with  thick  ice). 

The  difficulties  are  not  entirely  due  to  the  temperature,  as  the  worst  cases 
occur  when  fairly  clear  and  very  cold  water  has  to  be  coagulated  Success  can 
usually  be  obtained  by  adding  sufficient  powdered  clay  to  form  nuclei  on  whkb 
the  coagulating  precipitate  can  begin  to  form. 

The  processes  which  are  distinctly  more  biological  than  chemical  in 
character,  such  as  sand  filtration  and  natural  sedimentation  or  storage,  are 
most  effective  at  temperatures  which  range  from  55  to  75  degrees  Fabr.  In 
colder  waters  the  processes  are  not  very  markedly  less  effective,  but  a  sand  litter, 
or  other  biological  machine,  requires  a  far  longer  period  to  get  into  proper 
working  order.  In  hotter  climates  the  processes  are  (as  a  rule)  less  efficient, 
and  while  a  sand  filter  gets  into  the  best  possible  working  order  very  rapidly, 
it  is  less  efficient  than  at  a  lower  temperature,  and  becomes  useless  {i.t. 
requires  cleaning)  far  more  rapidly. 

Certain  exceptions  occur.  The  action  of  a  dtfgroisseur  is  probably 
essentially  biological,  but,  nevertheless,  in  very  cold  waters  a  d^groisseur  works 
badly,  and  is  probably  far  less  effective  than  coagulation  when  applied  to  very 
cold  waters  irtiicb  contain  turbidity  of  the  same  character  as  that  wfaich  occius 
in  the  southern  United  States. 

The  genera]  principles  are  now  tairiy  obvious.  Slow-sand  lilten  arc  most 
suitable  for  insular  climates,  and  best  of  all  for  Temperate  insular  climates. 
D^groisseuTs  should  probably  be  covered  when  used  in  conjunction  with 
covered  slow>sand  filters,  and  are  probably  very  efficient  in  Tropical  climates. 

Chemical  processes  are  less  affected  by  cold  weather  than  are  filters  or 
d^groisseuis,  but  are  most  efficient  in  hot  climates. 

In  Tropical  climates,  therefore,  it  is  advisable  to  effect  the  major  pwtion  of 
the  purification  by  chemical  methods,  and  (unless  repairs  are  difficult  owing  to 
scarcity  of  skilled  mechanics)  mechanical  filtration  is  preferable  to  the  slow- 
sand  process. 
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CHAPTER   XI 

PROBLEMS  CONNECTED  WITH  TOWN  WATER  SUPPLY 

CoNSUitPTiON  or  Watbr.— Avenge  daily  coiuuniption  over  the  whole  reai— Maximum 
daily  consumption — Maximum  hourly  consumc^on — Effect  of  waaie — Values  of  the 

Maximum  daily  supply      Maximam  hourly  supply 
Mean  daily  supply    '        Mean  hourly  supply 

Tempeiate  climates— Eisht  hours  main— Baths — Gardens—Hotter  dimates— Futnre 

variations  of  the  nUios. 

AvBSAGB  Absolute  Qdantitv  of  Water  Used. — Minimum  possible  —  British 
values — German  values — Ameritan  values — Australian  values — Values  obtained  for 
domestic  use  exclusively — European  figures — Indian  figures — House  to  house  virsus 
■  hydrant  supplies — Chinese  and  Japanese  figures — South  African  figures. 

7>ADE  SuppuBS, — Effect  of  rates— Private  trade  supplies. 

Prerentioil  of  Wute  of  Wftter.—Ins^ectian— Water  meters— Preliminary  work- 
Leakage  from  mains — From  house  fittings — Necessity  for  repeated  measurements — 
Standard  fitting — Reducing  valves — Sale  by  meter. 

Water  Jfsrsx.^-R.equirements  of  accuracy. 

Town  WCitCT  Sitpplf . — Special  pipes,  special  valves,  air,  scour,  etc 

Spscial  Psoblbhs  Kelatikg  to  Mains, — Examples^CalcuIation  of  the  pressure  at 
any  point. 

Sbkvicb  Reservoirs. — Ckpadiy  retjuiied  —  Practical    conditions  introduced   by  the 

Details  op  Construction  of  a  Service  Reservoir. — Masonry  or  Concrete  Service 
Re»er»oir~Puddle  lined  type — Cement  tendered  type — Bitumen  or  asphalte  sheeted 
type — Roofing. 

POPVLA  TION  STA  TIS  TICS. 

Consumption  of  Water.— Units :  ekUons  per  hau)  p«r  cUy. — The  Rverage 
d&ily  consumption  over  the  whole  year  is  important  in  the  desigfn  of  lai^e  works, 
such  as  storage  reservoirs,  or  supply  mains.  For  works  of  the  second  order, 
such  as  pumping  stations,  or  filter  beds,  the  chief  factor  is  the  maximum  daily 
consiunption,  which  usually  occurs  in  the  hottest  season  of  the  year.  Works  of 
the  third  order,  such  as  town  mains,  and  their  minor  reticulations,  are  designed 
for  the  maximunii  hourly  requirements,  plus  an  allowance  for  the  extra  demand 
that  may  be  caused  by  fires.  These  quantities  are  usually  expressed  in  gmllona 
per  head  per  daj. 

The  ratios  of  these  figures  depend  an  the  climate,  the  habits  of  the  popula- 
tion, its  standard  of  living,  and  above  all,  on  the  waste  of  water. 

The  importance  of  this  last  factor  has  frequently  been  overlooked,  chiefly  for 
two  reasons: — Firstly,  the  amount  is  usi»lly  not  accurately  known,  and  when  not 
approximately  ascertained,  is  invariably  underestimated.  Secondly,  since  waste 
occurs  every  hour  of  the  day  at  a  (wAy  constant  rate,  its  effect  is  i 
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percentage  variations  of  the  total  consumption,  and  to  produce  a.n  apparent  con- 
stancy in  demand.  Consequently,  I  believe  that  many  of  the  rough  rules  at 
present  employed  for  dimensioning  the  minor  works  of  a  town  supply  arc  in- 
correct ;  and  by  way  of  indicating  my  personal  views  on  the  importance  of  the 
matter,  I  propose  to  deal  with  it  first  of  all. 

As  an  example,  I  select  the  figures  for  a  German  city  in  the  month  of  AugusL 
These  are  very  accurately  ascertained,  and  refer  to  a  period  of  maximum  con- 
sumption, to  a  very  well  constructed  system,  the  habits  of  the  people  also  being 
such  as  to  ensure  that  very  little  of  the  waste  was  wilfiil,— in  fact,  without  wishing 
to  depreciate  the  skill  of  the  supervising  engineers,  they,  and  not  the  house- 
holders, must  be  held  responsible  for  any  waste.  I  consider  that  the  figures  do 
both  parties  great  credit,  as  they  were  obtained  without  any  special  efforts  being 
taken  to  prevent  waste. 

We  have  (Sketch  No.  1 50)  in  percentages  of  the  total  34  hours'  supply : — 
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Now,  in  this  city  there  is  very  little  consumption  for  hydraulic  power,  and 
the  habits  of  the  people  are  such  as  to  render  any  great  demand  for  water 
during  the  dead  hours  of  the  night  improbable  ;  nevertheless,  for  the  six  hours 
II  p.m.  to  5  a.m.  we  find  an  average  consumption  of  r8o  per  cent. 

The  period  is  too  long  for  us  to  assume  that  the  pump  cotmters  registered 
water  that  was  actually  consumed  later,  and  there  are  few  service  reservoirs  in 
which  the  excess  could  be  stored,  It  is  therefore  very  hard  to  avoid  the  conclu- 
sion that  a  large  portion  of  this  consumption  is  waste,  and  later  (see  Prevention 
of  Waste)  I  shall  produce  evidence  to  confirm  this  view. 

Let  us  merely  assume  that  in  this  city  two-thirds  is  waste.  It  consequently 
appears  that  24  x  i  '2^  or  over  28  per  cent,  of  the  water  pumped  is  wasteiL  This 
is  a  somewhat  unfair  estimate,  since,  during  these  dead  hours  the  pressure  in 
the  mains  is  higher  than  during  the  period  of  intonse  consumption  (although  it 
must  be  remembered  that  being  a  pumping  supply,  large  variations  of  pressure 
due  to  changes  in  demand  such  as  occur  in  a  gravity  supply,  are  improbable). 
It  seems  just,  therefore,  to  conclude  that  the  loss  during  the  other  18  hours  is 
not  less  than  i  per  cent,  per  hour.  We  may  thus  assume  that  if  no  waste 
took  place,  the  correct  figures  would  be  (as  percentages  of  the  present  supply) 
o's6  !  3'i7  :  5'30,  or  as  aiB  :  i  :  r68,  and  the  whole  24  hours'  supply  would  be 
about  74  to  80  per  cent  of  the  present  consumption. 

These  figures  are  at  first  sight  somewhat  astonishing,  but  they  are  amply 
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confinned  by  other  examples  ;  and,  as  I  have  already  stated,  they  were  (water 
meters  not  being  used)  very  creditable  to  the  engineers  responsible  for  the  service. 
The  real  lesson  to  be  drawn  is  that  in  a  well-maintained  system  supplying  a 
careful,  and — according  to  other  than  German  ideals — an  over- regulated  popu- 
lation, 2J  per  cent  of  the  maximum  day's  delivery  is  wasted  through  leaks,  and 
defective  fittings.  Consequently,  no  engineer  who  has  not  as  yet  measured  the 
waste  from  house  fittings  and  the  leakage  of  his  mains  is  entitled  to  assiune  a 
smaller  quantity. 

It  is  therefore  plain  that  the  ratios : 
Maximum  daily  supply  ;  Mean  daily  supply  throughout  the  year, 

Maximum  hourly  supply  :  Mean  hourly  supply  throughout  the  24  hours, 
are  to  a  large  extent  dependent  on  the  waste  of  water  1  and  that  all  figures  given 
should  be  considered  as  liable  to  modification  if  waste  is  systematically  checked. 
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SkbtcrJNo.  150. — Diagram  of  Hourly  Variations  of  Supply. 


Thus,  it  appears  that  in  cases  where  the  systematic  prevention  of  waste  is 
contemplated,  a  logical  design  will  take  into  account  the  alteration  produced  in 
the  usual  values  of  the  ratios  under  consideration.  The  method  is  obvious : — 
Having  obtained  the  ratios  as  alTected  by  leakage  waste,  and  the  leakage  waste 
by  measurement  of  the  consumption  during  the  dead  hours,  we  can  assume  that 
the  leakage  waste  in  other  hours  varies  as  the  square  root  of  the  pressure  in  the 
service  mains  ;  and  the  new  ratios  can  then  be  calculated.  The  general  efiects 
are  apparent,  since  all  major  works  will  be  diminished,  some  of  them  by  as 
much  as  33  per  cent  or  more.  The  town  mains  and  reticulations  will  prolrably 
not  be  very  greatly  alTected,  except  in  the  case  of  the  larger  mains,  where  a 
diminution  of  15  per  cent  may  be  attuned. 

On  the  other  hand,  the  dimensions  of  all  works  which -have  the  equalisation 
of  supfdy  as  their  purpose,  such  as  service  reservoirs,  will  certainly  be  increased 
relatively  to  the  smaller  supply  for  which  they  are  to  be  calculated  ;  and  it  may 
happen  that  they  will  prove  insufiicient  in  size  even  when  designed  according  to 
mles  based  on  the  absolute  value  of  the  uncorrected  supply. 
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Subject  to  these  remarks,  it  may  be  stated  that  in  Temperate  climat«,  the 
maximum  day's  consumption  is  about  I'J  of  the  average  daily  consumption,  and 
thai  the  maximum  houPs  demand  is  also  about  i-J  of  the  average  hourly  con- 
sumption. We  thus  deduce  that  the  mutimum  consumption  of  any  hour  of  the 
year  is  about  2"2S  of  the  average  hourly  consumption.  These  rules  are  obtained 
from  experience  of  carefully  maintained  and  well -constructed  waterworks. 

"  Ef^ht  Hour*  Main."— A  very  common  practical  rule  is  thus  arrived  at. 
The  supply  main  in  towns  where  large  service  reservoirs  do  not  exist  should  be 
proportioned  on  an  eight-hour  basis.  That  is  to  say,  the  pumps  and  the  supply 
main  should  be  capaUe  of  delivering  the  average  consumption  of  24  houn  in  a 
period  of  8  hours  only.    The  assumption  amounts  to : 

Maximum  consumptioa  during  i  hour=3xaverage  hourly  consumption 
during  the  year. 
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Skbtck  Nq.'ISi. — DiagranoTMonthly  Variations  of  Su[^ly  for  Veus  1909-1910 
at  London. 


The  rule  plainly  affords  a  certain  excess  capacity  which  is  useful  ii 
fire  or  other  abnormal  demands. 

In  cases  where  the  greatest  posable  care  is  t^en  to  prevent  wa: 
probable  that  the  ratios  are  as  high  as : 


Mean  daily 
Mean  hourly 


Maximum  daily 
Maximum  hourly 


but  such  values  are  only  Obtained  by  Systematic  and  unremitting  efforts  to 
minimise  waste.  (Sketch  No.  iji  shows  the  variation  in  consumption  by 
months  and  is  therefore  more  applicable  to  such  questions  as  the  draught  frt»n 
storage  reservoirs  than  to  the  variation  of  the  daily  ratios.) 

Where  the  waste  is  considerable,  the  ratios  are  greatly  diminished,  but  actual 
figures  are  not  available  for  such  cases,  since  great  losses  by  waste  arc  almost 
invariably  accompanied  by  a  systematic  neglect  of  all  measurements. 

Besides  waste,  the  habits  of  the  people  influence  die  above  ratios.      A 
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populatkm  accustomed  to  a  daily  bath  will  evidently  draw  heavily  from  the 
m^ns  in  the  early  morning  boun,  and  the  stand«^  of  living  bnng  high, 
the  house  fittings  may  be  expected  to  be  of  good  quality,  so  that  waste  is 
consequently  mininiissed,  and  both  causes  tend  to  produce  a  targe  hourly 


On  ihe  other  hand,  where  Che  town  authorities  permit  the  water  sup]riy  to 
be  utilised  for  gardening  purposes,  although  we  may  eicpect  a  very  high  daily 
ratio  iji^.  at  Rochester  in  Victoria  where  the  average  supply  is  ;4  gallons 
per  head  per  day,  the  maximum  daily  supply  icaches  315  gallons  per  head 
per  day,  being  mainly  employed  in  watering  fruit  gardens),  yet  the  hourly  rstio 
is  not  likely  to  be  large,  as  watering  is  usually  done  in  die  evening,  when 
domestic  consumption  is  small. 

If  a  considerable  portion  of  the  supply  is  utilised  for  trade  purposes,  we  may 
expect  both  the  hourly  atid  daily  variations  to  be  reduced. 

In  hotter  climates,  while  the  hourly  variation  is  much  the  same  as  in 
Temperate  countries,  the  daily  variation  is  largely  increased.  The  values  for 
a  series  of  Australian  cities  where  garden  watering  is  not  permitted  show  a 
maximum  value  of  225  for  the  ratio  ; 

""ngTdyroj,^'  "''  "  '™'8"  ""■"  "f  ■■9°-  ^'"^  '"  '^°"»' 
such  as  the  Punjab,  ^e  dry  zone  of  the  United  States,  or  South  Africa,  where 
a  hot  summer  succeeds  a  cool  winter,  the  average  daily  ratio  may  rise  as 
lugh  as  2'2S,  and  maxima  of  2*40,  and  a^S©  occur  where  irrigation  is  not 
permitted. 

In  Insular  Tropical  climates  where  the  changes  in  temperature  are  not 
very  marked,  the  ratio  is  lower  than  usual.  For  instance,  at  Colombo  the 
value  of  the  daily  ratio  oscillates  between  I'lo  and  1*46;  and  since  this  city  is 
not  provided  wth  water-closets,  and  is  well  looked  after  as  regards  waste,  it ' 
appears  that  these  values  may  be  considered  higher  than  those  usually  obt^ning 
in  Equable  Tropical  dimates. 

In  respect  to  the  probable  direction  in  which  future-  variations  of  the  ratio 
may  be  anticipated, — any  increase  in  the  standard  of  living,  or  in  the  trade  of  a 
K)wn  may  be  expected  to  reduce  the  daily  variations,  but  will  probably  increase 
the  hourly  variations. 

AvzRAGE  Absolutb  QUANTITY  OF  WATER  UsEa  —  In  a  civilised 
commimity,  there  is  an  absolute  minimum  which  has  been  fairiy  closely 
attained  in  many  different  countries.  In  several  cities  in  the  Midlands  of 
England  it  is  about  18  gallons  (say  23  U.S.  gallons)  per  head  per  day.  This 
has  only  been  reached  by  constant  inspection,  and  has  in  a  sense  been  forced 
on  the  population  by  the  paucity  of  the  available  supply.  While  no  discontent 
is  expressed,  and  no  inconvenience  is  felt,  I  cannot  say  that  I  think  such  a 
consumption  is  an  ideal  to  aim  at.  Such  cities  are  by  no  means  popular 
residential  places,  and  any  community  which  contents  itself  with  so  small  a 
provision  may  be  considered  unfortunate,  in  that  it  deliberately  adopts  a  less 
high  standard  of  life  in  reference  to  its  water  supply. 

I  believe  that  a  city  is  wel!  supplied  for  the  requirements  of  the  British 
climate,  which  actually  uses  (abnormal  waste  apart)  about  22,  to  25  gallons 
{i.t.  26  to  30  U.S.  gallons)  per  head  per  day;  this,  allowing  for  trade 
consumption,  means  that  each  citizen  enjoys  approximately  15  to  18  gallons 
per  day.     With  a  normal  allowance  for  waste,  this  would  work  out  at  30  to  35 
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gallons  (36  10  42  U.S.  gallons)  per  day,  which  is  slightly  less  than  the 
consumption  of  well -inspected  resideotial  quarters  in  London. 

It  may  be  objected  that  I  am  here  advising  a  larger  supply  than  has 
frequently  sufficed,  but  to  this  I  would  reply  that  in  such  cases  the  scarcity 
of  water  has  induced  a  sparing  use,  and  a  standard  of  living  (in  the  matter 
of  water)  has  been  produced  which  custom  alone  renders  tolerable. 

I  consider  it  an  engineer's  duty,  in  so  far  as  it  lies  in  his  power,  to  foster 
an  advance  in  the  general  standard  of  living,  and  if  I  personally  have  any  doubt 
as  to  whether  the  above  standard  is  correct,  it  is  only  in  regard  to  future 
sufficiency. 

It  must  also  be  remembered  that  an  abundant  supply  of  good  water  is 
no  mean  factor  in  a  city's  equipment,  from  the  point  of  view  of  competition 

Starting  with  this  figure  as  a  minimum,  we  may  say  that  British  cities  are 
rarely,  if  ever,  supplied  with  more  than  50  gallons  (60  U.S.  gallons)  per  head 
per  day. 

In  German  cities  the  present  practice  is  to  allow  a  somewhat  smaller 
quantity  than  in  Great  Britain,  but  there  is  little  doubt  that  an  increase  will  be 
found  advisable  should  the  present  advance  in  prosperity  continue.  The 
hmits  are  11,  to  30  gallons  (say  14,  to  3;  U.S.  gallons),  and  the  mean  appears 
to  be  about  22  gallons  (say  27  U.S.  gallons)  per  head  per  day.  These  figures 
are  for  partly  metered  supplies,  and  for  unmetered  water  an  increase  of  zo  per 
cent  is  recommended. 

In  American  cities  the  supply  of  water  per  person  is  on  the  average  far 
larger  than  in  Europe.  Whilst  it  is  a  matter  of  notoriety  that  the  pumps 
which  form  the  water  meters  of  many  American  cities  are  exceedingly  leaky, 
and  that  waste  from  house  fittings  is  in  many  cases  regarded  as  of  no 
importance ;  there  is  aa  doubt  that  the  population  does  use  more  water  iat 
legitimate  purposes  than  a  similarly  situated  European  population.  I  am 
quite  unable  to  consider  that  this  greater  consumption  is  in  any  way  imdeur- 
able.  The  standard  of  living  amongst  Americans  is  high,  the  daily  bath  is  a 
widely  spread  habit  \  and,  while  1  fully  agree  that  waste  should  be  avoided,  the 
large  consamption  per  head  in  many  cities,  where  waste  has  been  cut  down 
to  a  quantity  comparing  favourably  with  European  practice,  can  only  be 
regarded  as  a  sign  of  a  high  civilisation.  The  latter  figures,  however,  can 
only  be  explained  on  the  assumption  that  continued  and  obvious  waste  is 
pernvtted. 

The  statistics  for  iii  cities  with  populations  of  over  25,000  are  as 
follows : 

Maximum  consumption  270  gallons  (324  U.S.  gallons)  per  head  per  day. 
Average  „  88       „       {105  „  )  „ 

Minimum  „  26      „      (31  „  )  „ 

For  76  cities,  with  a  population  less  than  3S,ooo,  similar  &guies 
were : 

Maximutn  consumption  124  gallons  (149  U.S.  gallons)  per  head  per  day. 
Average  „  51       „       (61  „  )  „ 
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Tbeic  is,  of  coune,  little  doubt  that  in  the  bi^er  figures  waste,  or  extensive 
watering  of  gardens  (frequently  both),'mu5t  occur ;  but  in  view  tA  the  habits 
of  the  people,  it  appears  undesirable  to  design  works  for  an  American  city  to 
supply  less  than  50  gallons  (60  U.S.  gallons)  per  head, 

I  am  the  more  convinced  of  this,  since  in  Australian  cities,  inhabited  by  a. 
people  as  prosperous  as  the  Americans,  and  where  continued  and  obvious 
waste  is  as  infrequent  as  in  Europe,  the  average  coosuniption  of  all  towns 
where  the  water  supply  is  plentiful  is  48  gallons  (58  U.S.  gallons)  per  head. 
In  smaller  towns  (some  of  which  are  not  well  supplied)  the  average  is 
30  gallons  (36  U.S.  gallons),  and  in  these  places  trade  consumption  is  almost 
negligible. 

The  following  information  is  recorded  not  for  any  value  attached  to 
the  absolute  figures,  but  as  a  comparison  enabling  an  engineer  to  test  his 
own  values. 

(i)  AbsoluU  Conmmption  of  Water  in  purtly  Domestic  Use. — Whitney  at 
Newton,  Mass.,  found  that : 

{a)  The  consumption  at  the  kitchen  tap  (average  of  five  persons  per 
honse)  was  ;-;  imperial  gallons  (6-67  U.S.  gallons)  per  head 
per  day. 

Wbere  a  second  tap  existed,  it  consumed  11  imperial  gallon  (1-3  U.S. 
gallon)  per  head  per  day. 

ib)   Water-closets. 
First     closet.     5     imperial  gallons  (6     U.S.  gallons)  per  head  per  day. 
Second     „        2*2  „  (i-6         „         )  „ 

(0  Baths. 
First      bath.     4-1  imperial  gallons  (4*8  U.S.  gallons)  per  head  per  day. 
Second    „        o-8  „  (fo  „         )  „ 

Thus,  we  arrive  at  14  to  i;  imperial  gallons  (17  to  i&U.S.  gallons)  as  a 
fair  minimum  value  for  a  population  leading  what  may  be  considered  as  a 
comparatively  comfortable  existence,  with  no  waste. 

This  result  is  confirmed  by  Cooper  ( ?>)»(/.  Am.  Soc.of  C.E.,\q\.  ;;,  p.  430), 
who  found  that  a  small  educated  population,  too  addicted  to  the  luxury  of 
baths  (from  a  popular  point  of  view),  consumed  20  imperial  gallons  {24  U.S. 
gallons)  per  head  daily,  and  he  believed  that  the  purely  domestic  use  was 
167  imperial  gallons  (20  U.S.  gallons)  per  day. 

Hunter  {PJ.C.E.,  vol.  137,  p.  44)  gives  for  domestic  purposes,  solely,  in 
London  (waste  included)  figures  ranging  from  55  imperial  gallons  (66  U.S. 
gallons),  which  includes  stables  and  carriage  washing,  down  to  I4"3  imperial 
gallons  (17  U.S.  gallons)  in  a  locality  where  daily  baths  are  less  frequent. 

Data  for  requirements,  exclusive  of  trade  supplies,  are  more  easily  obtained, 
and  the  foLowing,  which  refer  to  the  period  about  the  years  i89;-97,  are  given 
by  Griflith  {P.I.C.E.,  vol.  117,  p.  190)  subject  to  the  annexed  remarks: 

{a)  The  towns  are  notorious  as  possessing  a  large  percentage  of  working- 
class  people. 

{b)  To  my  personal  knowledge,  the  standard  of  comfort  in  several  cases  is 
below  that  of  England  as  a  whole,  and  the  figures  for   London,  although 
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swollen  to  some  exteat  by  wastt 
average),  may  be  considered  as  i 


(I  believe  by  abeui  15,  to  20  pec  cent  on  the 
lore  appUcable  to  residential  cities. 


Derby      .        .13' 

mperial  gallons  (15-6  U.S 

gallons)  per  bead  per  day. 

Nottingham      .  13-5 

»          )> 

{i6-2 

)      ., 

Liverpool .        .   15 

II          ti 

(18 

„ 

)      ,. 

Leicester  .        .14 

(i6-8 

)      .. 

Manchester       .  13 

iS-6 

\  ;:     :: 

Norwich    .         .  10-5 

!i          » 

(lie 

» 

Board): 

New  River        .  lo-e 

mperial  gallons  (24-7  U.S 

gallons)  per  head  per  day. 

Lambeth  .        .  za'j 

>i          II 

36-8 

„ 

)       „ 

Kent        .        .  33'9 

I.          .. 

ia7'S 

)       „ 

West  Middlesex  24-8 

29S 

ij 

)       ., 

Southwatk   and 

Vauxhall       .  24-4 

11          . 

ij^-i 

^^ 

)       » 

East  London    .  35*5 

i>          1. 

„ 

)       .. 

(waste  occurs). 

Chelsea    .        .  a8-8 

» 

■   (34-S 

" 

)  per  head  per  day. 

(more  residential 

than  otbeis). 

Grand  Junction  31 -a 

.. 

(37-5 

» 

)  per  head  per  day. 

(ii)  Total  Consun^tum.—Tiic  following  figures  are  not  easily  comparable, 
nee  they  include  trade  consumption  as  well  as  domestic  use. 
For  British  cities,  for  ^1  purposes,  the  figures  range  from  : 


Consumption  per  Head  per  Day. 


16  imperial  gallons  (19  U.S.  gallons)) 


Sheffield 
Carlisle 
Nottingham  |  24 


Aberdeen 
Plymouth 
Perth. 


(26 
(n 

;    \ 

<»9 

.    1 

in 

.    > 

(JO 

.    )J 

(5= 

•    >i 

s» 

.    > 

'= 

s= 

1 

(60 

.    ) 

These  roust  be 
considered  too 
low. 

These  are  sufS- 
dent,  but  leave 
litde  moi^  for 
an  enhanced 
standard  of 
coneimiption. 

These  are  high, 
but  two  include 
supplies  to  ship- 
ping. 


The  French  figures  range  from  : 
II  imperial  gallons  (13  U.S.  gallons)  to  170  imperial  gallons  (202  U.S. 
gaUons), 
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but  the  consumption  U  aj^uiently  on  the  average  somewhat  faigfaer  than  that 
in  Great  Britain,  the  difference  probably  being  due  to  more  aystmuitic  dJB- 
couragemcDt  of  private  tiade  supplies. 
Odier  Continental  dties  range  from : 

9  imperial  gallons  (11  U.S.  gallons)  at  Venice,  readily  explained  by 

the  situation. 
17  „  (ao  „  )  at  Amsterdam,  also  explained  by 

the  situation. 

50  imperial  gallons  (60  U.S.  gallons)  in  the  lalce  towns  of  Zurich  and 
Genera, 

and  200  imperial  gallons  (350  U.S.  gallons)  in  Rome, 
which  is  really  a  legacy  from  the  Imperial  City,  although  the  restoration  of  the 
aqueducts  is  a  modem  achievement. 

For  Indian  conditions  the  facts  are  more  complicated.  As  a  matter  of 
experience,  6  imperial  gallons  (7*1  U.S.  gallons)  per  head  per  day  appear  to 
be  sufficient.  Harriet  {P.I.CM.,  vol.  143,  p.  276)  gives  the  following  (igures 
for  R»pur : 

1893-4  Average  4*4  imperial  gallons  per  head  per  day. 

1894-S        "       5'8 

1895-6        „       6-9  „  „  „ 

1896-7        „       7*4 

1897-8        „       80  „ 

The  steady  increase  cannot  be  entirely  regarded  as  extra  consumption,  and 
is  probably  more  attributable  to  increased  leakage. 

The  general  rule,  however,  is  to  design  with  a  view  to  8  or  iq  imperial 
gallons  (10  to  II  U.S.  gallons)  per  head  per  day  ;  and  this  may  be  considered 
as  the  maximum  day's  consumption,  since  the  water  of  most  Indian  towns  is 
pumped  from  wells  or  rivers. 

As  examples,  Simla  with  about  12  per  cent  European  population. is  supplied 
with  8  gallons.  Amballa  with  7  gallons,  with  an  extra  allowance  for  the  gaol 
and  barracks. 

The  above  figures  refer  to  towns  in  which  the  water  is  not  delivered  from 
house  to  house,  but  drawn  from  street  hydrants,  and  public  fountains.  Whereas, 
in  Bombay,  and  less  markedly  so  in  Calcutta,  the  supply  is  from  house  to 
house.  In  the  former  town  we  find  3;  imperial  gallons  (42  U.S.  gallons),  some 
of  which  is  waste  ;  and  in  the  latter  2;  imperial  gallons  (30  U.S.  gaUoas)  almost 
entirely  for  domestic  use. 

We  may  therefore  assume  that  the  8  to  10  gallons  usual  in  India  i»  due  to 
the  poverty  of  the  population.  Nevertheless,  the  advantages  g»ned  by  the 
mtroduction  of  a  pure  water,  if  acceptable  to  the  population,  are  so  great  that 
I  should  personally  be  prepared  to  advocate  even  such  small  supplies  as  3  or  4 
imperial  gallons  (say  4  to  5  U.S.  gallons)  per  head  per  day,  when  money  was 
scarce,  as  preferable  to  the  usuM  city  well  with  its  abnormal  pollution  and 
consequent  infection  resulting  in  outbreaks  of  cholera. 

Following  Indian  experience,  the  present  practice  of  English-speaking 
engineers  is  to  consider  8  to  lo  gallons  as  sufficient  in  China.  But  facts  do  not 
con&m  this,  since  Hong-Kong  is  supplied  with  17  to  18  imperial  gallons  (so  to 
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33  U.S.  gallons)  [P.I.C.E.,  voL  100,  p.  247),  and  even  this  amount  is  appazcotly 
inadequate ;  which,  in  the  case  of  a  town  with  no  watei.closets  would  be 
peculiar,  were  it  not  that  the  requirements  of  the  shipping  are  relatively  large. 

At  Shanghai,  with  about  23  per  cent,  of  Europeans,  the  figures  aie  from  jo 
to  70  imperial  gallons  (60  to  84.  U.S.  gallons)  per  head  per  day  (Johnson,  Trans. 
Am.  Waterworks  Engineers  Assn.,  1907,  p.  252). 

So  also,  Moore  {P.I.C.E.,  vol.  180,  p.  297)  designed  for  10  imperial  gallons 
at  Hankow,  and  was  requested  to  provide  zo  imperial  gallons  (24  U.S.  gallons^ 
Making  every  allowance  for  "Chinese  face,"  I  cannot  but  agree  with  the 
Mandarins. 

The  Japanese  figurei  given  by  Johnson  (»/  supra)  abo  seem  to  confirm  the 
above.    They  are : 

fAverage  .  i4imperialgallons(i7U.S.gallons)perheadperday. 


Tokio       .J  Maximum  19       „ 
^Minimum     9       „ 

;  t\    ;:    1 

(■Average  .  ao       „ 
Yokohama'  Maximum  24 

Minimum   16       ,. 

:  i:^  :;  ! 
,  (19    „   ) 

[■Average  .25       „ 

Kobe        .]  Maximum.  33       „ 

(.Minimum   17       „ 

,  (30  ,.  ) 
,  (40    ,.   ) 

/Average  .  23       „ 
Hiroshima^  Maximum  33       „ 

:■  S  ;  i 

We  may  therefore  conclude  that  Oriental  communities  should  (where  the 
money  is  available)  be  supplied  with  water  on  a  scale  but  little  inferior  to  a 
German  population.  Where  funds  are  scarce,  I  consider  that  it  is  the  engineer's 
business  to  boldly  ignore  all  rules,  and  to  give  the  best  possible  supply,  without 
regard  to  previous  experience. 

South  Africa. — The  following  figures,  tabulated  by  Lindesay  (_P./.C.E., 
vol.  158,  p.  420),  will  make  it  perfectly  plain  that  the  principles  deduced  above 
have  already  been  applied  in  South  Africa.  They  may  be  regarded  as  very 
creditable  to  all  concerned,  whether  engineers  or  town  councillors. 

AVERAGE  DAILY  SUPPLY. 


Port  Elizabeth  .    9-5 

imperial  gallons  (i  1-5  U.S 

gallons)  per  head  per  day. 

Johannesburg    .     to 

„      ("-7    .. 

„     )       » 

Cape  Town        .    31 

„      <37     ., 

)                    >. 

Pielermaritzburg    50 

..      {60     „ 

Durban     .        .  62-5 

„      (75      » 

Pretoria     .         .    87 

„       101     .. 

{includes  gardens). 

Trade  Supflies. — Except  where  otherwise  stated  the  preceding  figures 
include  the  consumption  of  water  for  manufacturing  purposes.  As  already 
remarked,  this  fact  renders  any  very  close  comparison  of  the  figures  impossible, 
and  it  will  also  partially  explain  the  large  variations  in  the  consumptions  per 
capita  that  appear  in  any  tabulation  of  statistics  of  water  supplies. 

The  actual  ratio  between  trade  and  domestic  consumption  must  vary  not 
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only  in  different  tovms,  but  also  in  different  years  in  the  same  town.  The 
experience  of  the  London  Water  Board  when  a  uniform  system  of  water  rates 
and  charges  was  introduced  all  over  the  London  Water  Supply  area,  to  replace 
the  varying  charges  of  the  old  Water  Companies,  shows  that  a  very  slight  rise 
in  the  charge  for  water  suffices  to  cause  large  consumers  (both  for  tiade  and 
domestic  purposes)  to  instal  private  water  supplies  wherever  local  conditions 
are  favourable.  Statistics  are  very  hard  to  obtain,  but  two  cases  are  frequently 
quoted.  The  private  (wdl)  supplies  in  a  certain  district  in  South  London  are 
capable  of  yielding  5  per  cent.Jmore  than  the  gross  capacity  of  the  Waterworks 
Authority's  installation.  At  Liverpool  a  similar  excess  used  to  occur,  but  this 
has  diminished  since  the  introduction  of  a  better  water  supply. 

In  projects  for  town  water  supplies  the  engineer  dually  has  some  trade 
statistics  to  guide  him.  Nevertheless,  a  careful  census  of  trade  supplies  should 
be  taken,  and  in  drawing  up  the  final  design  the  engineer  should  carefully 
consider  whether  it  is  advisable  to  endeavour  to  secure  the  custom  of  the  ira^ 
consumers  by  low  rates,  or  to  let  them  ,shift  for  themselves.  While  the  first 
coarse  is  obviously  more  preferable,  the  solution  actually  adopted  must  entirely 
depend  upon  local  circumstances. 

Prerention  of  Waste  of  Water.—I  have  previously  taken  occasion  to  express 
my  views  on  the  great  importance  tA  waste  from  leakage,  and  have  referred 
to  its  possible  prevention. 

The  principal  source  of  leakage  is  found  in  defective  house  fittings,  such 
as  taps  and  service-pipes.  In  good  modem  practice,  leakage  in  mains  laid 
down  in  the  streets  is  infrequent,  and,  except  in  gravelly  soils,  is  usually  manifest 
soon  after  occurrence  by  subsidences  in  the  roads,  or  by  the  appearance  of  water. 
An  engineer  who  takes  charge  of  a  system  laid  previously  to  1880^  say,  (even 
though  under  the  best  supervision  Of  its  dale]  will,  however,'  be  well  advised 
to  institute  systematic  search  for  leaky  mains  and  open  joints. 
The  methods  of  detecting  house  leakage  are  two  : 

(i)  House  to  house  tnsfiectiim,  combined  with  a  systematic  replacement  of 
defective  fittings.  I  consider  this  to  be  most  undesirable.  In  the  first  place, 
the  Waterworks''  Authorities  cause  trouble  to  ail  householders  (whether  careless 
or  otherwise).  Secondly,  although  thismethod  when  energetically  carried  out  will 
reduce  waste  to  its  lowest  point,  the  engineer  is  never  exactly  informed  of  the 
results  obtained,  and  apart  from  his  own  personal  curiosity  on  the  matter,  is  un- 
provided  with  any  accurate  figures  to  justify  his  action  when  discontent  is  excited. 
It  is  also  evident  to  any  observant  individual  that  the  engineer  is  taking  no 
steps  to  enquire  whether  "  his  own  fittings  "  (i.^.  the  service  mains)  are  leaky  ; 
and  since  this  must  be  regarded  as  a  very  practical  abjection  to  the  method, 
I  cannot  recommend  it  except  as  a  temporary  expedient  preliminary  to  the 
introduction  of  the  second  plan. 

(ii)  Tke  Water  Meier  System. — This  necessitates  more  preliminary  work,  and 
also  a  fairly  large  outlay  on  plant.  A  sketch  ofthc  mains  and  piping  of  the  district 
to  be  dealt  with,  showing  all  stop-cocks,  is  first  prepared.  The  approximate 
supply  is  then  estimated,  and  the  locality  is  divided  into  isolated  sub-districts 
(which  may  render  some  alteration  of  the  mains  necessary),  so  that  the  total 
water  entering  each  can  be  measured  by  a  meter  of  such  a  size  that  the  maximum 
supply  does  not  exceed  the  capacity  of  the  instrument  which  it  is  proposed  to  use. 
All  stop-cocks  must  then  be  made  easily  accessible,  which,  if  the  system 
is  not  laid  out  with  a  view  to  meter  work,  is  often  somewhftt  difficult. 
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The  meter  is  then  fixed,  and  diagrams  are  taken  to  ascertain  the  initial 


Thereaflei,  the  process  is  as  follows  : 

About  midnight  the  meter  is  set  to  recm^  the  flow,  and  insipectcMs  visit 
each  stop-cocic  and  listen  with  a  stethoscope  for  the  sound  of  flowing  water, 
which  is  best  heard  when  the  coclc  is  only  partially  open.  jEUch  "  sounding 
cock  '  is  noted,  and  after  testing,  all  are  shut  off,  and  remain  so  for  half  an 
hour.  The  record  of  this  half-hour  gives  the  leakage  from  the  mains,  and 
the  houses  supplied  by  all  stop-cocks  «4iich  gave  a  sound  are  inspected  next 
day  for  defective  fittings. 

Diagrams  are  taken  off  the  nueter  daily  until  the  district  is  in. good  order, 
and  thereafter,  say  three  times  each  mooth,  so  that  any  fresh  leakage  can  be 
detected,  and,  if  large  enough,  sought  for. 

In  well-constructed  mains  the  leakage  outside  the  honses  is  small,  t.g.  in 
three  cases  recorded  by  Stewart  {P.f.C.E.,  vol.  66,  p.  348)  the  minimum  flows 
were  1,500  gallons,  3,000  gallons,  and  3,000  gallons  per  hour,  and  the  leakages 
frmn  the  mairts  o,  50,  and  150  gallons.  So  that  defective  house-fittings  were 
responsible  for  more  than  90  per  cent  of  the  leakage,  even  when  the  mains  were 
in  relatively  bad  order. 

In  view  of  this  fact,  it  is  plain  that  no  effective  measures  for  the  prevention 
of  waste  are  possible,  unless  legal  powers  are  obtained  either  to  enforce  the 
repair  aikd  renewal  of  faidty  fittings,  or  to  cut  off  supplies  in  cases  of  proven 
and  continued  waste. 

The  sale  of  water  by  bulk  through  individual  meters  fixed  in  the  pipes 
supplying  each  consumer  is  an  obvious  alternative,  and  is  the  jaast.  equitable 
method  for  trade  supfdies.  The  application  of  meters  to  domestic  si^plies  is 
most  objectionable,  since  any  stint  in  the  domestic  use  (not  waste}  of  water 
is  sooner  or  later  likely  to  be  visited  by  natural  penalties  far  outweighing  any 
private  advantage  that  may  possibly  be  derived.  The  legal  provisions  against 
sale  by  meter  which  occur  in  several  American  cities  may  be  regarded  (if 
rigidly  restricted  to  domestic  supplies]  as  founded  on  a  high,  even  if  merely 
instinctive,  sense  of  rightful  sacrifice  for  the  advancement  of  public  welfare. 
Opposition  to  the  infliction  of  penalties  for  wilful  or  continuous  waste  appears 
less  likely  to  be  entirely  caused  by  public  spirit.  Also,  as  a  matter  of  finance, 
small  meters  are  relatively  costly  and  the  interest  on  the  investment  entailed  may 
easily  exceed  the  value  of  the  water  which  their  use  prevents  being  wasted. 

To  those  unacquainted  with  the  usual  am 
surprising.  In  a  city  where  fittings  had  been  si 
tion  for  some  two  years,  the  following  figures  ai 
single  meter  {ut  sitpra). 


:  the  results  are 
ibject  to  regulation  and  inspec- 
e  typical  for  areas  served  by  a 


SUPPLY  IN  IMPERIAL  GALLONS  PER  HEAD  PER  DAY. 


Bebte  Staiting  the  System. 

Total  Duly  Rate. 

Night  Rate. 

Total  DaU]F  Rate.    ,         Night  R«te. 

8i-8 
68-3 
41-6 
61 -0 

64*0 
457 
27-4 

5S-0 

34-1 
31-9 
>7-4 
47'= 

9-9 
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Aiid,  in  the  district  as  a  whole,  the  consumption  for  all  purposes  was  reduced 

Daily.  Night  Rate.  Daily.  N^t  Rate. 

49  37'7  to  32  17-5 

It  must  be  remembered  that  tbe  improvement  thus  obtained  is  essentially 
of  a  temporary  nature,  and  that  if  inspection  is  neglected,  the  old  rate  will 
recur  after  a  period  measured  only  by  months. 

The  cheaper  classes  of  house  fittings,  such  as  are  usually  supplied  by 
builders,  deteriorate  very  rapidly,  and  become  leaky.  In  some  cases,  therefore, 
the  waste  inspectors  are  instructed  to  perform  such  minor  repairs  as  the 
insertion  of  a  washer,  without  troubling  the  householders. 

Where  the  pressure  in  the  mains  is  great,  some  authorities  have  obtained 
legal  powers  cither  to  enforce  the  installation  of  only  such  fittings  as  satisfy 
a  certain  standard  of  water-tightness,  or  to  instal  their  own  fittings  at  a  fixed 

Local  conditions,  and  the  views  of  the  community  on  a  proposal  which  may 
have  obvious  objections,  must  be  considered  before  adopting  either  of  these 
methods. 

There  is  also  another  method  of  minimising  waste  which  deserves  attention, 
especially  in  gravity  supply  systems.  This  consists  in  the  introduction  of 
reducing  valves,  so  that  the  pressure  in  the  mains  can. never  exceed  a  fixed 
amount.  * 

These  valves  prove  useful,  especially  in  cases  where  the  area  supplied 
varies  markedly  in  level.  They  then  not  only  diminish  waste  in  the  lower  lying 
districts,  but  abo  increase  the  available  pressure  in  the  higher,  which  frequently 
suffer  from  lack  of  water. 

The  final  results  of  measures  for  the  prevention  of  waste,  or  metering  of 
supplies,  are  very  difficult  to  predict.  The  methods  adopted  in  selecting  the 
supplies  to  be  metered  or  tested  for  waste  have  great  influence  on  the  results 
obtained.  If  consumers  are  metered  or  inspected  at  their  special  request 
only,  no  particular  eflfect  on  the  consumption  can  be  expected  until  perhaps 
more  than  50  per  cent,  of  all  householders  have  adopted  the  system.  If,  on 
the  other  hand,  houses  are  first  inspected,  or  metered,  which  are  notoriously 
badly  maintained,  a  considerable  decrease  in  consumption  may  be  anticipated 
almost  immediately ;  but  the  fixing  of  a  meter  is  regarded  in  the  light  of  a 
penalty,  and  the  authorities  become  as  popular  as  detectives. 

The  best  system  is  to  endeavour  to  meter  all  trade  supplies,  and  to  sell  this 
water  by  bulk,  while  water  for  domestic  requirements  is  supplied  at  a  fixed 
rate,  independent  of  the  quantity  actually  used,  waste  being  checked  by  street 
meters  measuring  the  total  consumption  of,  say,  300  to  500  houses,  as  already 
described. 

Under  such  circumstances,  the  daily  consumption  per  head  may  be 
decreased  by  50  per  cent  (even  when  the  initial  consumption  was  not  very 
large,  e^.  32  to  16  gallons,  or  42  to  21  gallons),  when  the  system  is  in  full  swing, 
and  about  zo  per  cent,  of  the  total  supply  will  then  be  unaccounted  for.  If  every 
supply  is  metered,  a  fiirther  decrease  of  10,  to  15  per  cent,  may  be  anticipated, 
and  not  much  more  than  10  per  cent,  of  the  water  will  remain  unaccounted  for. 

The  most  modern  information  on  the  subject  is  found  in  reports  on 
"  Waste  of  Water  in  New  York,  and  its  reduction  by  Meter  and  Inspection," 
39 
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principally  the  work  of  Fuertes,  where  the  influence  of  conditions  and  variations 
in  local  policy  is  most  ably  discussed. 

Mr.  Fuertes  states  that  even  in  America  waste  through  leaky  street  mains 
must  be  considered  as  unproved.  I  had  previously  come  to  the  conclusion  tha 
such  wastage  was  non-existent  in  Europe,  and  it  therefore  appears  that  the 
enormous  consumption  recorded  from  many  American  cities  should  be  regarded 
as  arising  almost  entirely  from  house  waste,  and  not  from  any  appreciable 
leakage  from  street  mains. 

The  question  of  the  accuracy  of  the  records  remains  uninvestigated. 
although  it  may  be  remarked  that  the  very  large  consumptions  per  head  are 
usually  recorded  in  cases  where  the  supply  is  pumped  ;  and  if  a  badly 
maintained  pump  is  used  as  a  water  meter,  it  is  quite  possible  that  the  recorded 
figures  bear  no  particular  relation  to  the  quantity  actually  pumped. 

Water  Meters.— \\  is  quite  impossible  to  describe  all  the  types  in 
existence,  and  their  design  is  best  left  to  specialists.  What  is  really  de^red, 
from  the  point  of  view  of  a  householder,  is  a  meter  which  works  noise- 
lessly (it  must  be  remembered  that  water  pipes  are  excellent  conductors  of 
sound). 

The  requirements  concerning  accuracy  of  registration  are  variable.  If  the 
meter  is  used  for  selling  water  by  bulk  to  private  customers,  a  carefully 
calibrated  and  correctly  registering  instrument  is  necessary.  If  it  is  used  solely 
for  the  detection  of  water  waste,  unimpeachable  registration  of  the  maximam 
flow  is  not  very  essential  (since  this  only  lasts  a  few  minutes),  but  the  meter 
must  record  the  total  quantity  passed  hy  a  long  continued  small  flow  with 
certainty,  accuracy  in  tlie  rate  of  flow  being  less  material. 

For  example,  in  a  meter  for  the  measurement  of  the  total  water  supfdied  to 
a  large  town,  correct  registration  of  even  so  large  a  flow  as  lo  gallons  per 
minute  is  immaterial ;  whereas,  a  waste  detection  meter  should  register  the 
total  quantity  passed  by  a  flow  of  o'l  gallon  per  minute,  over  a  period  of  even 
ten  minutes. 

SYMBOLS. 

Problems  connected  with  town  water  auppljr.    The  ordlnarr  units  are  used. 

rf,  Hrilh  an  appropriate  suffix,  denoiea  the  diameiet  in  feet  of  any  pEpe,  d  is  used  when 

the  diameter  is  measured  in  inchea. 
D,  is  a  general  symbol  for  the  tolnl  demand  by  domestic  consumptioo,  fires,  etc.,  during 

any  individual  hour,  expressed  in  cusecs.     Dnuu  and  D,  (see  p.  616). 
A,  is  used  for  the  total  loss  of  head,  in  feet,  in  a  main  of  varying  diameter  conveying  i 

constant  quantity  of  water. 
H,  is  used  for  the  similar  loss  of  head,  when  the  main  supplies  water  at  variom  prams 

along  its  length. 
*,.  A,  A,  [sec  p.  615). 

n  for  ^-5. 


k,  (see  p.  616). 

/,  is  the  lengih  of  a  main,  in  feet,  when  the  diameter  is  uniform  throughou 
L,  is  used  lor  /  when  we  consider  different  potlions  of  ihe  length  /. 
Qo,  is  the  quantity  of  water,  in  cusecs,  entering  the  lengih  /or  L. 
Qj,  or  Q(  is  the  quantity  leaving  the  length  /  or  L. 
a,  is  the  quantity,  in  cusecs,  drawn  off  from  the  main,  per  foot  run- 
Thus  ql=^>- Qi,  and  jL  =  Q, - g,. 
y,,  (seep.  617). 
X,  x^,y,  %  (see  p.  617). 
Z  is  the  symbol  for  summation. 
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SUMMARY  OF  EQUATIONS. 
Unifonn  volume  of  wai«r. 

^-^^-■^^ 

-asoQT^. [InchM] 

More  accurate  fonnnia,      h  =  — ^^^j^. 
V«mble  volume  of  water. 

It  is  not  proposed  to  enter  into  the  details  of  coostniction  and  mamtenaDce 
that    form    the    principal  duties    of  a    town    watenvorks    manager.     Local 


^  Ure.  Sia.  MIm  Oln. 

Skktch  No.  153.— Ait  Vmlve  and  Re9ux  Valves 

conditions  are  so  important  that  any  general  rules  are  almost  useless.  The 
designs  of  street  water  pipes  and  mains  that  are  used  in  London  are  siuted  to 
London  conditions,  but  in  my  opinion  have  frequently  been  adopted,  even  in 
British  cities,  where  a  cheaper  construction  would  have  suEBced. 

Modem  practice,  however,  tends  towards  leaving  these  matters  mainly  in 
the  hands  of  the  local  manager,  and  since  I  consider  this  is  advisable,  I  do 
not  propose  to  obtrude  my  own  (equally  local)  ideas. 

The  dimensions  of  bends,  tees,  and  other  "  specials "  used  in  street  mains 
may  be  ascertained  from  any  pipe  founder's  catalogue.  Similarly,  such  matters 
as  ait  valves,  reflux  valves,  scour  valves  and  automatic  cat-off  valves  (to 
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provide  for  possible  breaks  in  the  m^ns)  ate  usually  procured  from  and 
designed  by  specialists. 

The  installation  of  these  valves  is  advisable  and  the  general  principles  of 
their  location  arc  obvious.  Air  valves  are  placed  at  the  top  of  each  crest  in  a 
large  main  and  wherever  a  site  near  the  crests  of  a  small  main  which  affords 
no  possibility  of  contamination  can  be  secured.  Scour  valves  are  placed  at  the 
bottom  of  valleys  in  those  places  where  opportunities  for  discharging  the 
surplus  water  into  a  drain  or  stream  are  easily  secured. 

Personally  I  distrust  automatic  cut-off  valves :  breaks  rarely  occur  in  well- 
laid  mains  and  therefore  the  "automatic"  cut-off  valve  usually  sticks  when  it 
should  act 

Special  Problems  Relatino  to  AfAiifs.—Tiie  most  convenient  method 
of  treating  problems  relating  to  pipe  m^ns  of  variable  diameter,  or  those  which 
convey  variable  quantities  of  water,  is  to  consider  the  total  loss  of  head. 

Let  the  given  main  be  made  up  of; 

A  length  of  /^  feet,  of  diameter  d^  feet ;  a  length  /j,  of  diameter  dt  feet ;  a 
Ien£lb  /«,  of  diameter  ift  feet. 

Let  Q  =  iri/i'—  =  w—Va  =  etc.,  cusecs 
4  4 

be  the  quantity  of  water  passing. 

Note.— I  cnsec  =  23,500  imperial  gftUona  per  hour  —  37,000  U.S.  gallons  pec 

Then  we  have : 


0^4.., 


and  if  ^,  is  the  total  head  lost: 


Now,  as  a  fair  approximation,  we  can  put  C  ^  80,  and  7'  ■■  10. 

Wethu.gM«.-^S^fcet, 

where  /,  and  d,  are  expressed  in  feet,  or : 

*  =- 2S0Q'S^  feet,      ......        [Inche«J 

where  A,  is  in  feet,  and  <f,  is  in  inches,  and,  if  still  greater  accuracy  is 
desired,  the  simplified  Tutton  formula  gives : 

i  —  7^00*^^  *'*'*  ^'  °"  ^"^  ''■*■  ''^1'  incrustcd  pipes), 
and  one-half  this  value  may  be  assumed  for  clean  pipes  ;  where  C]  «  140. 

Let  us  now  consider  the  problem  of  a  main  of  uniform  diameter  d,  and  length 
L,  where  Qd,  cube  feet  per  second  enter  at  the  initial  point,  and  a  supply  j,  per 
foot  run- is  drawn  off  by  service  pipes,  so  that  the  quantity  passing  at  a  distance 

X,  from  the  initial  point  is  Q  — ^j;,  and  the  velocity  at  this  distance  is  '""T.^fj. 

4 
Thus,  the  element  of  head  dA,  lost  in  the  length  dx,  is : 
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ZOSS  OF  HEAD  IN  MAINS 
Integrating,  since  *  =  o,  when  ;r  ~  o,  the  head  lost  in  the  lengdi  L,  is 
*-^(q.--.Q.C+2^') 

r,  ifweputQp-?L^Q„ 
W.ge,,  *-- 

From  a  combination  of  the  two  results  given  above,  we  get  the  following 
fairly  accurate  and  easy  method  of  obtaining  the  loss  in  a  main  of  varying 
diameter,  with  branch  mains  leaving  it  at  different  points. 

Let  a  quantity  Q^,  enter  the  main,  and  let  the  first  length  be  Ix,  and  its 
diameter  d^,  also  let  Qi,  be  the  quantity  flowing  in  the  main  when  the  diameter 
changes  to  rf,. 

Let«s  assume  that  Qi— Qo(i— J*X  "herc^,  i«  small.    Then  the  head  lost 

in  the  length  /,  is  not  greater  than  -^^4-,,  nor  less  than  ^r°  J  »  (  '  ~/-^~- )- 

■•Thus,    H,.-2«(,-Ao,,  -SlSli, 
is  a  minimum  value  which  does  not  probably  differ  more  than  C— !  from    the 

true  value,  and  since  the  value  of  C,  may  vary  as  much  as  lo  per  cent,  in  a 
short  length  of  pipe,  it  is  sufficiently  correct  to  say  that  the  total  head  lost  is 
obtained  from  ; 

H-2  Hi-^-L-jQ^'  feet, 
where  /]  and  i/i  are  in  feet. 

Or,  H-2Sos5^» [Inchei] 

where  if  i  is  in  inches. 

Q,  is  the  quantity  entering  the  length  /],  and  Qi,  the  quantity  that  leaves 
it,  and  the  order  of  the  quantities  in  the  siunmand  suggests  a  regular,  and 
systematic  method  of  calculation. 

If  greater  accuracy  is  required,  the  formulas; 

H.j2!!±SjSi2.-_i„  rori„c™t«ipip«, 
„d  H-^g-'+W+Q.'   \    ,„  ,„„  i 

9000  di'-*'  i-r  -> 

may  be  used. 

These  formula  may  be  applied  in  order  to  calculate  the  pressure  that  exists 
at  any  point  of  the  main  system. 

In  actual  practice,  it  would  appear  advisable  to  use  the  latgtr  values  of  H, 
not  so  much  because  of  incrustation  in  the  pifies  (which  should  rarely  be  allowed 
to  reach  a  magnitude  such  as  is  indicated  by  Cj^io^  ia  Tutton's  foimnlK), 
bnt  to  allow  for  the  intense  and  localised  draught  that  may  occur  during  fires. 
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Veiy  elaborate  invesligations  of  the  pressures  obtained  at  various  poiuts  in 
a  network  of  mains  are  given  by  Lueger  {DU  Wasserversorgung  der  StaJte). 
The  formula  are  too  complex  to  be  of  practical  use,  even  if  the  possibility  of 
an  outbreak  of  fire  at  any  point  in  the  network  did  not  render  the  fundamental 
assumptions  highly  doubtful. 

In  actual  practice,  such  questions  are  best  solved  by  trial  and  error. 

Tbus,  (Sketch  No.  153)  assume  that  a  loop  exists  in  the  mains,  which  is 
represented  by  ABCD.  Let  Qn  reach  A,  by  the  pipe  xA,  and  Q„  leave  C, 
by  the  pipe  C^.  Also  let  a  quantity  q^,  be  drawn  otf  from  the  main  ABC  of  a 
length  equal  to  ly,  between  A,  and  C.  Also  a  quantity  q^,  from  the  main  ADC, 
the  length  of  which  is  /|. 


Thus, 


Q.-Q»=fi+?.- 


Sketch  No.  153. — Diagrams  for  Brtnched  Mains  and  Terminal  ReMrroirs. 


Assume  that  Qn  divides  at  A,  into  Q„  flowing  in  the  m^n  ABC,  and  into 
Qh  flowing  in  the  main  ADC. 

Then,  assuming  that  h,  is  the  difference  in  pressure  between  A,  and  B, 
we  have ; 

._Qi(Qi-?i)  A  _Q,  (Q.-y»)  h. 
1000       rfi'         1000       dt' 

Now  putting  Qi=^i  and  Qi— (i— ')Qi  we  obtain  a  quadratic  equation  for  r 
which  is  independent  of  h  and  which  enables  us  to  deterrmne  the  ratio  g^ 
when  dy  and  d,  are  given.  So  also  if  Q],  Qg  and  k  are  given  we  cut  determine 
dx  and  d,. 

If,  later,  a  third  main  of  3,  length  /«,  is  laid  to  C,  firom  another  point  E,  the 
excess  of  pressure  at  which,  relative  to  the  pressui«  at  C,  is  Ag,  its  discharge 
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Qx  say,  (under  the  assumption  that  the  pressure  at  C,  is  unaltered)  can  be 
obtained  by  the  usual  equations, 

The  most  probable  supposition,  however,  is  that  the  delivery  Q„  remains 
constant.    We  can  then  detennine  the  new  pressure  at  C,  as  follows  : 

Tbc  total  delivery  to  C,  under  pressure  difTeresces  h,  and  h^,  is 
Qi~?i+Q>— ?i  +  Q3— ?s ;    where    g%    is    the    supply    drawn    off  from    the 
main  EC. 

Let  us  assume  that  the  new  pressure  differences  are  K,  between  A  and  C 
and'A',,  between  E  and  C,  where  k\=hx—i,h—h')  so  that  the  pressure  at  C 
exceeds  the  former  pressure  by  h—K,  and  calculate  the  new  deliveries  at  C, 

»hich  will  b.  resptcively,  (Q,-?J^J,  (Q,-?,)v'j',  (Q.-J.)  v'^tf 

where  7,,  ^g  and  q^  are  assumed  to  be  small  in  comparison  with  Qi,  Qi 
and  Q,. 

The  sum  of  these  should  be  equal  to  Q^  We  thus  get  on  substituting  for 
A'a  a  quadratic  equation  for  k,  and  the  increase  in  pressure  at  C,  is  h~h'. 

The  above  example  is  taken  from  an  actual  case  where  it  was  desired  to 
erect  a  public  fountain  at  the  point  C,  and  serve  en  route  (by  means  of  the 
third  main)  a  newly  erected  building. 

I  suspect  that  more  complicated  problems  require  such  detailed  statistical 
information  that  it  is  but  rarely  that  the  equations  will  prove  useful. 

Service  RbservoiRS.— Service  reservoirs  are  required  for  two  purposes. 
When  placed  between  the  storage  reservoir  and  the  town,  at  the  lower  end  of  a 
long  supply  main,  they  permit  of  the  main  being  designed  so  as  to  deliver  a  full 
day's  supply  in  24  hours,  whereas  if  no  such  equalising  reservoir  existed,  the 
main  would  have  to  be  capable  of  delivering  water  at  a  rate  corresponding  with 
that  of  the  maximum  demand  ;  which,  if  only  hours  are  considered,  is  about 
170  per  cent,  of  the  average  demand  per  hour  taken  over  the  whole  24  hours 
of  the  day  on  which  the  maximum  demand  occurs. 

Similarly,  tn  a  pumping  scheme,  a  service  reservoir  permits  the  pumps  and 
connecting  main  to  be  designed  for  a  uniform  rate  of  delivery,  in  place  of  one 
varying  with  the  demand,  and  if  convenient  (as  in  small  schemes)  we  may 
arrange  to  run  the  pumps  for  say  8,  10,  or  iz  hours  only  per  day,  the  reservoir 
storing  up  the  surplus  delivery  for  discharge  during  the  hours  when  the  pumps 
are  idle. 

When  used  for  this  purpose,  the  theoretical  volume  of  the  t 
evidently  that  required  to  equalise  the  draught  over  the  day  on  which  n: 
consumption  occurs  (or  more  accurately,  the  day  of  maximum  variability  of 
consumption).  In  some  actual  examples  this  would  amount  to  about  60  per 
cent,  of  the  average  day's  consumption,  or  say  35  per  cent,  of  the  maximum 
day's  consumption.  The  precise  calculations  are  not  of  great  importance, 
however,  as  the  condition  which  really  determines  the  siie  of  a  service  reservoir 
is  not  variability  of  draught,  but  rather  the  time  during  which  the  supply  main 
is  likely  to  be  out  of  order,  and  this  evidently  depends  on  such  local  considera- 
ions  as  its  length,  construction,  whether  duplicate  or  not,  etc. 

The  question  is  determined  by  experience,  and  no  accurate  solution  can  be 
given,  but  the  capacity  of  such  equalisation  of  supply  reservoirs  rarely  exceeds 
three  days'  supply,  unless  the  supply  main  crosses  a  river  or  other  obstruction 
rendering  repairs  more  than  usually  tedious. 

Similarly,  in  a  pumping  scheme  we  must  not  only  consider  the  repairs  to 
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the  mains,  but  also  those  to  the  pumps,  so  that  the  type  of  pump  installed  and 
the  surplus  power  must  also  be  taken  into  account 

It  is  evident  ihat  the  most  economical  solution  will  largely  depend  on  local 
1  in  a  flat  country  where  no  easily  accessible  sites  for  service 
s  exist,  it  may  be  advisable  to  duplicate  the  main,  and  rest  content 
with  a  very  small  service  reservoir,  if  this  has  to  take  the  form  of  a  water  tower 
or  elevated  tank,  (see  p.  944). 

Where  favourable  sites  exist,  service  reservoirs  are  frequently  placed  at  the 
side  of  the  town  farthest  removed  from  the  point  where  the  water  su[^ly  first 
enters  the  town.  The  ultimate  object  is  as  before,  namely,  to  secure  a  saving 
in  the  cost  of  niains  ;  but  here  it  is  not  only  in  the  supply  mains  to  the  town  that 
the  saving  is  effected,  but  also  in  the  larger  distribution  pipes  in  the  town. 

It  will  be  evident  that  in  times  of  acute  demand  all  mains  near  the  service 
reservoir  draw  water  from  it,  and  in  times  of  small  demand  the  surplus  water 
passes  through  the  mains  and  refills  the  supply  reservoir. 

To  accurately  determine  the  size  of  such  a  supply  reservoir  (which  1  propose 
to  call  a  terminal  supply  reservoir],  is  by  no  means  easy,  and  the  necessary 
information  is  also  not  always  available. 

Let  us  assume  that  the  supply  main  is  of  constant  diameter  and  that  the 
draught  per  unit  length  from  it  is  constant  along  its  length.  At  the  time  of 
maximum  demand,  we  wish  to  have  a  certain  miniinura  pressure  at  every  point 
of  the  main.  This  minimum  pressure  may  be  taken  as  about  40  lbs.  per  square 
inch  as  this  permits  a  lire  Jet  being  delivered  at  about  60  to  70  feet  above  the 
main.  Local  conditions  must  fix  the  exact  value  and,  perstmally,  if  funds  permit 
it,  the  manager  of  a  big  Fire  Insurance  Co.  is  the  best  person  to  consult 
provided  the  corresponding  reduction  in  fire  insurance  rates  is  offered. 

Let  Dnu  represent  the  demand  from  the  whole  length  of  the  main  during 
the  hour  of  maximum  demand,  expressed  in  cusecs.  Let  L,  be  the  total 
length  of  the  main  in  feet.  Then,  referring  to  Sketch  No.  153,  let  Qi, 
cusecs  enter  at  A,  and  supply  a  length  L^,  feet  of  the  main.  Thus,  Qi  =fL|. 
So  also,  Q,  cusecs  are  drawn  from  the  tenninal  supply  reservoir,  and  Qg  =7Lt, 
where  L,  +  L,  =  L. 

Now,  if  the  supply  be  "  constant,"  as  should  be  the  case  in  all  good  town 
supplies,  the  pressure  at  every  point  in  the  main  AR,  must  not  fall  below  a 
certain  value,  detennined  as  above.  For  preliminary  calculations  we  n»y 
take  100  feet  of  water. 

Setting  up  lines  to  a  height  equal  to  this  minimum,  we  get : 

where  K,  is  written  for &.  d,  being  the  diameter  of  the  main  in  feet. 

looort* 

Thus,  QiHQ,*  =  ^^  eL,+-^??L,  =  ]^(A,+A,) 

and  d,  is  to  be  a  minimum  subject  to  this  equation,  while  q\-  =  D,»ii. 

Thus,    Qi  =  Qi  =  -^^,  and  thus  d,  can  be  determined  by : 

i20ooy(A,+Aj.) 
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During  all  the  hours  in  which  the  demand  in  cusecs  is  less  than  D„  the 
quantity  entering  the  main  at  A,  is  not  only  adequate  for  the  demand,  but  also 
permits  the  delivery  of  a  quantity  equal  to  x,  cusecs  into  the  reservoir  where  : 

3         3 
where  D,  represents  the  demand  in  cusecs  during  the  hour  considered. 

X,  can  thus  be  calculated,  and  a  volume  of  3,6oar  cubic  feet  is  stored  up 
in  the  reservoir  R.  The  minimum  possible  volume  of  the  reservoir  is  thus  given 
by  3,6oo£r,  where  the  summation  includes  all  the  hours  during  which  D,  is 
less  than  D^ 

Similarly,  for  the  hours  during  which  D,  is  greater  than  X>t,  but  less  than 

y,  cusecs  enter  the  main  at  A,  and  supply  a  length  of  l^  feet  of  the  main, 
and  jTi,  cusecs  leave  the  reservoir  and  supply  /«  feet  of  the  main.  The 
equations  are  of  the  same  form  as  those  given  when  considering  the  demand 
Uku,  but  K,  Is  now  known,  and  q,  is  no  longer  equal  to  -"—,  but  is,  say, 

We  thus  get : 

y-^i»  =  3^',and^+4-, -D. 

Put  fr  —  X,  and  we  have : 

(,_,)._^.3*?.iD' 

This  equation  reduces  to  a  quadratic,  but  is  more  ra[Hd1y  solved  by  trial  and 
error,  using  a  table  of  cubes.  Two  places  of  decimals  (i^.  i  =  o'8i  say),  is 
more  than  is  really  required. 

Now,  the  value  of  the  total  outflow  from  the  reservoir  is  equal  to  3,6oo£ri, 
cube  feet.  If  this  be  less  than  i,6ootx,  the  reservoir  is  of  suSicient  volume, 
and  d,  can  probably  be  slightly  reduced  if  considered  advisable.  If,  however, 
2xi,  is  greater  than  Zjr  the  supply  main  is  not  sufficiently  large.  A  somewhat 
greater  value  a(d,  must  therefore  be  selected,  and  the  calculations  of  j*,  and  .r„ 
must  be  repeated  with  new  values  of  K,  and  D„  until  a  balance  between  2x, 
and  Ixi,  is  obtained. 

The  above  calculations  are  probably  not  very  useful  in  determining  the  size 
of  the  supply  reservoir,  but  they  afford  a  good  deal  of  valuable  information 
when  questions  concerning  the  necessity  for  reducing  valves,  or  small  service 
reservoirs,  on  isolated  hills,  are  considered  ;  and  it  is  with  that  object  in  view 
that  the  subject  has  been  considered  in  detail. 

In  practical  cases  the  problem  is  by  no  means  so  simple,  but  the  principles 
to  be  followed  are  the  same.  The  necessity  of  affording  sufilicient  pressure  at 
the  hour  of  greatest  demand  permits  us  to  deterrnine  the  supply  pipe,  which  is 
usually  of  uniform  diameter.  Then,  for  the  hours  of  small  demand,  we  can 
calculate  the  supply  which  reaches  the  terminal  reservoir,  and  for  the  hours  of 
more  intense  demand,  the  draught  from  the  terminal  reservoir,  so  that  the 
supply  pipe  must  if  necessary  be  enlai^ed  until  the  total  influx  is  greater  than 
the  total  draught.      It  is  advisable  to  secure  a  greater  influx  than  the  calcula- 
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lions  of  draught  indicate,  as  such  an  excess  may  form  a  very  useful  reserve  in 
case  of  accidents  to  the  main,  or  when  fires  occur  during  the  hours  of  intense 
supply. 

In  actual  practice,  it  will  usually  be  found  that  a  terminal  supply  reservoir 
serves  other  purposes  besides  those  which  have  been  indicated  here.  Indeed, 
of  eight  cases  where  I  am  fully  informed  as  to  the  reasons  for  their  construction, 
only  one  is  a  purely  balancing  reservoir ;  two  are  in  addition  employed  to  store 
a  quantity  of  water  as  a  reserve  against  fires  occurring  in  a  very  valuable 
district ;  three  are  also  break  pressure  reservoirs ;  while  the  last  two  are 
principally  considered  as  reserve  reservoirs  to  peimit  repairs  to  mains  crossing 
a  river.  It  will  therefore  be  plain  that  the  above  calculations  cannot  as  a  rule 
be  permitted  to  solely  determine  the  size  of  a  reservoir.  On  the  other  hand, 
they  should  be  used  as  a  check,  since  the  more  the  reservoir  exceeds  tbe 
volume  indicated  by  these  calculations,  tbe  more  the  water  contained  in  it  is 
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Skbtcu  No-  154.— Puddled  Service  Reservair  «nd  Pipe  Aiiangcmenls. 

likely  to  stagnate.  The  arrangement  of  pipes  shown  in  Sketch  No.  154  is 
advisable,  since  it  partly  prevents  stagnation,  and  in  a  pumping  scheme 
eliminates  sudden  variations  of  the  bead  pumped  against. 

Details  OP  Construction  of  a  Skrvke  /tESEsro/K.—Tht  necessary 
volume  being  determined  as  already  described,  we  have  to  select  the  material. 
As  a  rule,  service  reservoirs  are  either  made  of  masonry,  or  of  concrete,  and  ate 
located  at  the  lop  of  a  convenient  hill,  or  are  built  of  steel  plates,  being  then 
usually  in  the  form  of  a  water  lower,  or  elevated  tank  (see  p.  944). 

Masonry,  or  CoTtereU  7>/«.— Usually  this  type  is  the  cheapest,  if  a  suitable 
site  is  obtainable.  The  proportions  are  very  much  a  matter  of  experience,  and 
it  is  as  well  Co  remember  that  typical  examples  are  generally  situated  on  sites 
where  land  is  valuable,  so  that  a  shallower  reservoir  than  usual  may  prove 
economical  when  land  is  cheap. 

The  depths  generally  selected   vary  between  13  and  ao  feet,  although 
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examples  as  shallow  as  8  feet  and  as  deep  as  40  feet  exist ;  but  the  Uitter 
are  liable  to  prove  unsatisfactory  unless  circumstances  are  exceptionally 
favourable. 

The  determining  factors  in  design  are :  The  means  adopted  to  render  the 
reservoir  water-tight,  and  the  quality  of  the  foundations. 

The  eariy  examples  are  nearly  all  made  water-tight  by  an  outer  skin  of 
puddle.  I  consider  that  this  is  an  undesirable  method,  and  is  a  relic  of  the 
days  when  good  Portland  cement  and  hydraulic  lime  were  not  so  readily 
procurable,  as  at  presenL  There  are,  however,  cases  where  the  foundations  at 
the  only  available  site  are  of  such  a  quality  as  to  render  a  layer  of  puddle 
advisable  as  a  precaution  against  possible  cracking  of  the  masonry,  owing  to 
settlement.  It  may  also  happen  that  good  puddle  day  is  found  at,  or  close  to, 
the  site,  when  considerations  of  cost  indicate  its  use. 

When  puddle  is  used  the  real  difficulty  is  to  prevent  the  angles  of  the 
masonry  from  fracturing  the  puddle  lining,  as  it  settles.  This  ts  best  guarded 
against  by  having  no  portion  of  the  puddle  lining  vertical,  but  laying  it  all 
either  horizontally,  or  on  a  slope,  and  correspondingly  sloping  these  portions  of 
the  foundations  which  are  usually  verticaL 

I  append  designs  for  a  covered  reservoir,  which  seem  best  suited  for  such 
a  case  (see  Sketch  No.  154). 

The  other  important  points  in  the  design  are  t 

(i)  Vertical  side  walls  (of  the  type  shown  in  the  second  design)  are  to  be 
avoided,  since  they  generally  give  trouble,  probably  owing  to  the 
unequal  intensity  of  pressure  which  must  exist  across  their  base,  due 
to  horizontal  earth  or  water  pressure, 
(ii)  The  pier  foundations  should  be  so  proportioned  as  to  produce  the 
same  intensity  of  pressure  on  the  puddle  as  the  water  load  and 
biick  flooring  combined,  thus  securing  that  all  portions  of  the 
reservoir  shall  compress  the  puddle  equally. 
The  more  usual,  and  I  consider  (except  in  the  case  of  bad  foundations, 
which  should  be  avoided  when  possible)  the  more  practical  design  is  one  in 
which  water-tightness  is  secured  by  acement  rendering,  or  a  coating  of  asphalte 
or  bitumen. 

In  such  cases  the  chief  difficulty  is  to  prevent  cracking,  and  where  the 
reservoir  is  exposed  to  great  changes  of  temperature  it  seems  doubtfiil  whether 
construction  in  concrete  alone  will  ever  be  really  satisfactory  unless  some 
elastic  lining,  such  as  asphalte,  is  added  to  prevent  the  water  leaking  along  the 
cracks.  Brickwork  or  stone  masonry  appears  to  be  less  liable  to  cracking,  and 
in  many  cases  water-tightness  has  been  se(:ured  merely  by  a  facing  of  hard 
bricks  {t.g.  those  known  in  England  as  blue  bricks)  laid  in  cement  mortar. 

On  the  other  hand,  concrete  has  certain  advantages,  in  that  it  can  be 
rammed  dote  up  against  the  undisturbed  sides  of  the  excavation. 

The  design  (Sketch  No.  155),  which  indudes  a  ^-inch  reodering  of  Portland 
cement  mortar,  floated  over  with  neat  cement,  seems  to  jne  to  be  the  cheapest 
and  most  'advantageous  in  good  foundations.  Where  the  foundations  are  not 
good  it  would  appear  better  to  thicken  the  walls  6  inches  at  the  bottom,  and  to 
batter  them  at  i  in  8,  where  the  earth  seems  likely  to  slip  ;  while  in  cases  where 
-setdement  b  apprehended,  an.  internal  layer  of  asphalte  or  bitumen  sheeting 
will  prevent  leiU:age  through  cracks  even  ^-Inch  wide.     In  the  very  worst  cases 
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a  rounding  of  tbe  intmia]  comer  as  dotted  has  been  found  to  add  strength  to 
the  work. 

Roojlng.—Pts  shown  in  both  designs  service  reservoirs  arc  usually  roofed 
over,  and  in  tlie  case  of  a  filtered  water,  roofing  of  some  sort  may  be  considered 
imperative.  The  roofing  is  generally  of  brick  arches,  and  shonkl  be  kept  as 
light  as  possible,  as  all  it  has  usually  to  cany  is  about  ii  inches  of  eartb, 
{although  in  hot,  dry  climates  it  is  often  impossible  to  get  plants  to  grow  on  so 
thin  a  layer  of  earth).  The  usual  dimensions  for  such  arches  are  9  inches  thi(^ 
up  to  15  feet  span.    The  drainage  of  the  h<dlows  above  the  apringings  of  these 


Skitch  No.  1J5. 
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arches  should  be  carefully  looked  to,  and  for  Uus  reason  I  cannot  ncommend 
the  adoption  of  vaulted  arches,  since  although,  qua  strength  they  possess 
certain  advantages,  an  midrained  pocket  is  formed  over  the  top  of  eadi  column. 
It  win  be  evident  that  reinfoiced  concrete  is  well  adapted  to  the  constttiction 
of  service  reservoirs,  and  in  view  of  the  fact  that  reinforcement  not  only  prevents 
cracking  due  to  mechanical  stress,  bnt  also  a  great  deal  of  that  caused  by 
changes  in  temperature,  it  may  with  advantage  be  adopted  where  the  changes 
in  temperature  are  great,  or  the  foundations  are  unusually  bad.  I  must,  how- 
ever, state  that  in  ordinarily  good  earth  the  extra  expmse  entailed  by  reinforce- 
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ment  appears  fin  such  cases  as  I  have  persgi^Llly  iavcstigatcd}  to  outweigh  the 
economy  secured  by  thinner  walls. 

1  have  noted  many  cases  where  a  local  reiiiforcement  has  proved  advantageous 
in  dealing  with  a  pauh  of  bad  foundatioD  ;  and  I  also  believe  that  where,  owing 
to  local  conditions,  reservoirs  of  inegular  fonn  or  of  unusual  depth  have  to  be 
designed,  it  will  prove  a  cheap  method  of  construction. 

While  the  majority  of  existing  service  reseivoiis  are  square  or  oblong,  a_ 
circular  fonn  is  evidently  economical,  as  the  outer  wails  aie  reduced  in  length 
(foi  the  same  surface  area)  and  it  will  be  found  that  both  designs  are  adaptable 
to  a  circular  fonn)  the  only  disadvantage  being  that  the  centerings  for  the 
arches  and  the  arches  themselves  are  somewhat  more  complicated. 
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Sketch  No,  156.— Junction  between  Bitnmen  Sbeetliig  uid  Brickwork. 

In  considering  the  application  of  these  designs  to  unusual  conditions  it  is 
well  to  remember  that  service  reservoirs  are  usuallyplaced  on  top  of  a  hill ; 
thus  ground  water  pressure  or  even  wet  soil  pressure  does  not  exist  I  should 
expect  all  these  designs  to  fait  or,  at  the  best,  to  crack  if  located  in  a  valley. 

Population  Statistics. — Engineers  when  drawing  up  reports  concerning 
the  water  supply  of  towns  frequently  prepare  tables  showing  the  expected  future 
increase  in  the  population.  In  any  ejcamples  I  have  seen  these  are  prepared 
on  the  following  basis  : 


Let  Pi  be  the  total  population  say  it 
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Then  put     {i+A)  =  ^     (i+A)-^     (1+^.)-^ 

and  put  p  =il±h±tl 

Then  Pj,  the  expected  population  in  1921,  is  given  by  P,  =  (i  +ji)P4, 
or  in  some  eases  P,  =  (n-jJ,)?^, 
The  deductions  such  as : 

Population  in  1912  =  (i +/)*?,- (i+/,)^P* 
or,  in  logarithms: 

log  (population  in  1912)  =  log  p4+i\ilog  (i+» 

-1„BP.+'°8''--'°"'- 

"  10 

are  obvious.  These  may  also  be  somewhat  more  accurate  than  the  figures  for 
Pg,  but  do  not  happen  to  be  of  much  use  in  the  problem  of  determining  when 
an  eTttension  of  the  waterworks  will  be  required. 

The  figures  for  the  population  are  usually  recited  in  legal  investigations  by 
the  Town  Clerk,  and  the  only  reason  for  the  engineer's  interference  appears  to 
be  a  belief  that  Town  Clerks  cannot  use  logarithms.  This  1  believe  to  be 
unfounded.  In  any  case  I  expect  that  the  figures  of  the  1911  census  will  put 
a  stop  to  the  practice  in  Great  Britain.  I  record  the  fonnulfe  in  case  a  Town 
Clerk  should  ask  for  the  table.  It  is  believed  that  expert  statisticians  can 
produce  results  which  are  better  adapted  to  the  ordinary  individual's  powers  of 
belief  but,  I  am  not  inclined  to  consider  that  an  engineer  should  necessarily 
claim  expert  knowledge  of  all  matters  that  can  be  reduced  to  figures. 
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IRRIGATION 

Irsioation. — Definition — Influence  of  ■gricultunl  methods — General  description  of  an 
iirigalion  canal — Othei  iirigation  systems — Effect  of  nit. 

TSKvs  USED  IN  lRKiGATtON.—Ptreami\  and  Aood,  or  basin  irrigation — Flow  and  lift 
irrigation— Canal,  we!l  and  reservoir  irrigation— Duties  of  an  engineer — Bibliography 
— Hot  and  cold  weather  crops — Quantity  of  water  avaiiabie — Importance  of  local 
knowledge. 

QUANTirroF  Water  Affurd  During  the  Growth  of  a  Crop. — Depth  of  water 
Dsed — Duty  of  water — Base  of  the  duly — Place  of  measurement — Complete  specifi- 
cation of  dnty — ConveisioQ  or  duty  figures  into  depth  of  water — Loases  in  the  canal 
■od  branches— Capacity  of  channels  in  terms  of  duty — Factors  affecting  the  value  of 
the  di:ty — Excessive  irrigation — Effect  of  cul  tivation — Quality  of  soil — Climate — Pte- 
diction  of  duly— Example. 

Vuiatioiis  in  the  Value  of  the  DuW.— Tabic  of  values— ^ Values  of  duty  as  affected  by 
the  species  of  crop — Estimation  of  the  duty — Number  of  waterings — Interval  between 
watcrii^— Waterings  of  unusual  depth— Expeiimental  deleiminalion  of  the  depth 
of  a  watering— Program  of  expetiments^Seasonal  variation  in  demand  for  water — 
Effect  of  area  of  inc  irrigated  plots — Normal  depth  of  a  watering — AUotvance  for 
lain&ll — Excessive  irrigation — Rice — Marate. 

Influence  of  the  Rate  at  which  Water  is  Apfubd  to  a  Field  on  the 
Quantity  OF  Water  used  in  Irrigation. 

I\UfL-DA  TION  iRRIGA  TlOW 

Dbsicn  of  Irrigation  Works. — Enumeration  of  the  structures  on  a  large  canal. 

Rblationship  betwuek  thb  Design  of  Hydraulic  Works  and  ■tueir  Maintbn- 
ANCB. — Vortices — Smooth  surftce»— Punjab  fall— Overflow  dam — Ogee  fall— Bell's 
dykes — ^Kanthalc's  wide  crested  submerged  weirs — Silting  tanks — Profiles — Sill 
berms-^Sconr. 

Regime, —Rbgula  tion. 

HeaDWOUCS. — General — Regulator  across  canal  head— Bar  across  river — Low  dam,  or 
weir  across  river — TypicS  headworks — Storage  dams— Uodertluices—"  Afflux,"  ot 
Hood  conditions — Low-water  cooditiont — Training  works. 

Workinc;  of  k  Rirer  for  IiriSKtion  Purposea.— Disposal  of  surplus  water  and  silt. 

Wttfldng;  of  *.  River  CMTjioE  Sand  onlj. — Sutlej,  at  Rupar. 

WorkinE  of  Riven  CJUTpa.%  Boulders,  or  Gravel.- Jumiui,  at  Tajewala— Ravi,  at 
Madhupur — Snggestioni  for  future  working — Site  for  a  canal  bead— Constricted 
channel  above  a  weir— Bell's  dykes. 

Working  of  Inundation  Canals. — Selection  of  site  for  canal  head— Temporary  gates 
— Stone  pitching. 

Wri  RS.  -Types— Description . 

TYfs  a. — American  and  Indian  designs. 

T^Vfi^.— Kistna  weir  maintenance— Godaveri  weir — Sand  or  clay  foundations. 

7V/«  C— Description. 

DeMfnof  Weira.^Eiroisof  record  plans — Aprons — Curtain  walls — Talus— Imperme- 
able and  permeable  portions  of  a  weir— Bieadlh  of  impeimeablewHtions— Breadth 
of  downstream  apron  and  talus — Breadth  of  downstream  apron — Thickneit  of  apron 
—Thickness  of  dam  wall— Reversed  filter. 


Digilzed  by  Google 


624  CONTROL  OF  WATER 
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IitRiGATiOH. — The  temi  irrigatioD  is  used  to  describe  the  processes 
connected  with  the  artificial  application  of  water  to  land  for  agricultural 
purposes. 

There  arc  probably  few,  if  any,  countries  in  which  agriculture  is  practised 
where  irrigation  is  entirely  unknown.  In  this  book,  however,  the  practice  is 
considered  only  under  circumstances  snch  that  irrigation  on  a  large  scale 
forms  a  routine  portion  of  the  agricultural  operations.  The  expression 
"routine"  is  employed  in  place  of  "easeniial,"  since  modern  investigations 
have  shown  that  satisfactory  crops  can  be  obtained  by  special  methods  of 
cultivation  under  circumstances  which  are  usually  held  to  render  irrigation 
absolutely  necessary.  Similar  processes  are  well  knovra  to  Indian  agri- 
culturists, but  3t«  employed  only  when  local  circumstances  are  highly 
favourable. 

The  boundary  between  irrigation  operations  and  the  purely  agricnitural 
processes  employed  in  cultivating  the  soil,  is  very  indefinite.  It  may  indeed 
be  said  that  the  purely  agricultural  processes  hace  far  more  influence  in 
determining  the  best  methods  of  irrigation  tlmn  the  climate  of  the  locality,  or 
the  character  of  the  soil.  Similarly,  the  method  actually  adopted  in  irrigating 
an  area  of  land  affects  both  the  crops  grown  and  the  necessary  agricultural 
operations  to  a  considerable  extent. 

A  complete  treatise  on  irrigation  can  therefore  hardly  be  produced  without 
the  collaboration  of  an  agriculturist,  an  engineer,  and  a  lawyer.  Such  a 
treatise  has  not  yet  appeared,  and  Would  obviously  either  refer  to  an  ideal 
state  of  affairs,  or  would  merely  be  a  handbook  of  little  more  than  local 
interest. 

My  object  is  to  deal  with  the  design  of  irrigation  structures  tn  general. 
1  therefore  refer  to  local  conditions  as  rarely  as  is  consistent  with  clearness. 
It  wll,  however,  be  noticed  that  the  effect  of  local  conditions  appears  at 
every  pmnt. 

My  own  experience  was  acquired  in  the  Punjab  (Northern  India),  but  has 
been  supplemented  by  a  personal  study  of  the  conditions  occurring  in  Egypt, 
Ceylon,  and  the  Califomian  irrigation  districts,  with  a  less  detailed  study  of 
irrigation  as  practised  in  Lombardy. 

The  general  arrangement  .of  the  chapter  corresponds  to  the  conditions 
existing  on  a  modem  irrigation  canal  in  the  Punjab.  These  canals  present  the 
most  complicated  problems  normally  found  in  irrigation. 

The  worits  consist  of  the  following  Structures  : 

(i)  A  low  weir,  or  dam,  thrown  across  a  river,  with  the  training  works 
required  to  control  the  river,  which  is  frequently  torrential,  and  is  always 
subject'  to  heavy  floods. 

Oi)  The  head  woilts  of  the  canal,  which  are  mainly  designed  with  a  view  to 
enccluding  sih. 

(iii)  The  main  canal,  which  usually  crosses  several  subsidiary  drainage 
channels  ;  which  necessitate  syphons  under,  or  aqueducts  over  the  canal, 
for  the  disposal  of  the  flood  discharge  of  such  drainages.  Escapes  are  also 
required  in  order  to  dispose  of  surplus  water,  or  to  remove  silt  deposits. 

(iv)  The  distributary  and  minor  canals  from  which  irrigation  is  actuaUy 
'    ellfected. 

(v)  The  field  watercourses,  by  which   the   water  is  conveyed  to  the  in- 
dividual fields  in  which  the  crops  are  grown. 
40 
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The  problems  arising  in  the  design  of  such  a  canal  include  those  which 
occur  in  the  design  of  any  normal  irrigation  system.  The  only  two  exceptions 
are  as  follows : 

(a)  In  Southern  India  (and  of  late  years  in  the  Western  United  States  and 
Egypt)  the  flow  of  the  river  is  not  only  diverted,  but  is  stored  up  in  luge 
reservoirs  for  use  during  periods  when  the  natural  flow  would  not  suffice  for  the 
requirements  of  the  irrigation  system.  The  desig[n  of  such  reservoirs  and  their 
outlet  works  is  treated  in  Chapter  VII. 

ip)  In  Egypt,  and  less  markedly  in  Southern  India,  some  portion  of  the 
irrigation  is  effected  by  rapidly  flooding  the  land,  and  after  the  water  has 
thoroughly  soaked  in,  the  surplus  water  is  drained  off.  While  the  actual 
details  of  the  methods  adopted  in  such  cases  are  extraordinarily  comfdicaled, 
and  can  only  be  satisfactorily  treated  by  a  long  study  of  the  local  conditkws 
{see  p.  649),  the  principles  of  the  design  of  the  works  are  an]}dy  covered  by 
a  study  of  the  sections  on  Escapes,  Canal  Regulators,  and  Sypboas, 

As  a  rule,  the  problems  are  far  more  simple  than  those  which  exist 
in  the  Punjab.  Where  the  water  is  directly  derived  from  a  dear  water 
stream,  or  from  a  reservoir,  silt  problems  do  not  exist,  and  the  design  of  the 
canals  is  simpler. 

Practical  experience,  however,  leads  me  to  believe  that  this  is  by  no  means 
an  unqualified  advantage.  An  engineer  accustomed  to  silty  waters  can 
always  effect  certain  economies  in  construction  and  maintenaitce  by  sUUul 
design,  and  it  is  by  no  means  certain  that  these  economies  do  not  amply 
cover  the  expenditure  in  silt  clearance  which  is  required  in  a  wcU-designed 
system.  A  clear  water  canal  need  not  necessarily  be  provided  with  a  head 
regulator,  but  it  is  doubtful  if  this  economy  is  not  generally  attained  at  the 
cost  of  very  inefficient  working  of  the  whole  system,  unless  escapes  are 
provided  which  are  sufGciently  powerful  to  act  as  regulators. 

Terms  used  in  Irrigation.— \\.  is  absolutely  impossible  to  give  a 
glossary  of  the  technical  terms  used  by  irrigators  in  various  countries.  The 
Urdu  (Northern  India)  irrigation  vocabulary  contains  more  than  100  tenia. 
each  with  a  definite  meaqing,  and  it  is  still  incomplete.  The  following 
English  terms  are  selected  from  those  which  possess  the  most  extended 
gecq^phical  currency,  and  are  believed  npt  to  conflict  with  any  local 
terminology. 

Irrigation  is  said  to  be  perennial  when  water  is  applied  to  the  land  under 
crops  at  a  fairly  equable  rate  during  the  whole  season  of  crop  growth.  When 
a  large  proportion  of  the  irrigation  water  is  secured  by  deeply  flooding  the 
land,  and  the  crop  growth  is  afterwards  wholly  or  partially  sustained  by  the 
moisture  thus  stored  up  in  the  saturated  soil,  the  term  "flood,  basin,"  or 
"inundation"  irrigation,  is  employed.  The  terms  "perennial,"  and  "flood," 
are  not  necessarily  mutually  exclusive,  although  they  are  frequently  so 
used,  as  in  most  cases  flood  irrigation  is  supplemented  by  minor  waterings. 

The  tenns  "flow,"  and  "lift"  irrigation  are  used  in  order  to  specify 
whether  the  water  level  is  such  that  it  will  naturally  flow  on  to  the  land,  or  has 
to  be  lifted  artificially  by  means  of  various  types  of  machines.  Flood  irrigatJMi 
must  necessarily  be  by  flow  ((>.  from  a  river,  or  canal),  although  the  supple- 
mentary waterings  frequently  assume  the  form  of  lift  irrigation  ;  whereas, 
perennial  irrigation  may  either  be  by  lift,  or  by  flow,  and  the  same  source  of 
supply  may  obviously  be  used  for  either  method. 
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We  may  also  divide  pCTcnnial  irrigation  and  the  sup[deinentary  waterings 
which  may  or  may  not  be  required  in  flood  irrigation,  into  classes  specified  by 
the  source  of  the  water. 

From  this  point  of  view  three  main  classes  exist : 

(i)  Canal  irrigation,  where  the  water  is  drawn  from  a  canal  which  takes  out 
from  a  river. 

(ii)  Well,  or  subsoil  water  irrigation. 

(iii)  Reservoir,  or  tank  irrigation,  where  the  water  is  stored  in  reservoirs. 

Canal  irrigation  may  either  be  by  flow  or  by  lift,  but  is  usually  by 
flow. 

Well  irrigation  is  usually  by  lift,  bat  irrigation  by  flow  from  artesiajn  wells  is 
sometimes  posdble. 

Tank  irrigation  is  nearly  always  by  flow,  but  occasionally  a  modified  form 
of  flood  irrigation  is  obtained  by  cultivating  the  banks  of  the  tank  as  the  water 
level  falls.  In  such  cases,  the  crops  usually  receive  one  or  more  waterings  by 
lift  from  the  tank. 

The  terminology  is  hopelessly  confusing.  This  is  illustrated  by  the  present 
state  of  certain  portions  of  Egypt  which  receive  flood  irrigation  in  August  and 
September,  supplemented  by  well  irrigation  until  March.  From  March  to  Jnly 
the  land  is  perennially  irrigated  by  lift  from  canals  ;  these,  from  March  to  April, 
are  supplied  by  the  natural  flow  of  the  Nile,  which  is  supplemented  during  May, 
June  and  July  in  steadily  increasing  proportions  by  water  which  has  been  stored 
in  the  Assouan  reservoir.  In  practice,  however,  there  is  usually  but  little  doubt 
as  to  the  manner  in  which  any  definite  area  of  land  is  irrigated,  and  it  will  be 
found  that  the  tenns  employed  have  a  real  application,  since  the  various  condi- 
tions thus  specified  produce  very  different  methods  of  cultivation. 

In  flood  irrigation,  the  engineer  is  chiefly  concerned  with  the  clearing. out 
of  the  canals  before  the  flood,  and  with  the  prevention  of  breaches  in  the  flood 
hanks  during  the  flood.  He  has  but  little  responsibility  in  regard  to  the  quantity 
of  water  supplied,  as  that  principally  depends  upon  the  height  to  which  the  flood 
rises.  After  the  flood  has  subsided  his  duties  become  very  similar  to  those  of 
an  engineer  in  charge  of  perennnial  irrigation.  The  Egyptian  methods  may 
be  taken  as  standard,  and  reference  may  be  made  to  Willcocks'  EgyptioM 
Irrigalion,  and  to  Barrois'  Les  Irrigaliotu  en  Egyptt. 

In  perennial  irrigation,  the  engineer  is  most  concerned  with. the  design  and 
maintenance  of  the  canals  which  distribute  the  water  over  the  land,  and  he  is 
responsible  during  the  whole  year  for  the  provision  of  a  supply  of  water  sufficient 
to  meet  the  demands  of  the  agriculturists.  The  Indian  methods  may  be  taken 
as  the  standard  in  this  case,  and  reference  may  be  made  to  Buckley's  Irriga- 
tion Works  in  India,  and  also  to  MuUins'  Irrigation  Manual. 

ItaUan  methods  are  also  good,  but  the  available  literature  is  small.  Baird 
Smith's  Italian  Irrigation,  although  fifty  years  old,  is  still  quoted  in  Milan  as  a 
reliable  book  of  reference. 

The  works  of  WiUcocks  and  Barrois  (which  is  of  later  date)  give  a  good  idea 
of  Egyptian  methods  of  perennial  irrigation  ;  hut  it  must  be  remembered  that 
Egyptian  perennial  irrigation  is  as  yet  young,  and  we  can  hardly  be  certain 
that  the  differences  which  exist  between  Egyptian  and  Indian  methods  will 
prove  permanently  advantageous. 

In  reservoir  irrigation,  the  engineer  has  to  consider  the  design  and  mainten- 
ance of  reservoirs.    Here,  the  actual  methods  of  irrigation  differ  hut  slightly 
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from  those  obtaining  under  perenaiaj  iirigation,  and  the  books  referred  to 
above  may  be  consulted  with  advantage. 

The  main  problems  in  lift  irrigation  are  the  mechanical  difficulties  connected 
with  the  design  of  pumps,  and  their  maintenance  in  a  high  state  of  efficiency. 
The  civil  engineer  is  chiefly  concerned  with  the  location  of  the  channels  and 
the  methods  of  preventing  leakage  from  them.  This  portion  of  the  process  has 
been  sadly  neglected,  and,  since  every  drop  of  water  has  to  be  lifted  at  &  ceitain 
cost,  the  question  deserves  more  attention  than  it  has  as  yet  received. 

The  Califomian  methods  of  thus  economising  water  are  standard,  and  tbc 
publications  of  the  State  Irrigation  engineer,  of  the  University  of  California, 
and  of  the  United  States  Geological  Survey,  may  be  consulted. 

In  the  majority  of  countries  where  irrigation  is  practised,  the  dimate  is 
sufficiently  hot  to  produce  crops  all  the  year  round.  Such  a  condition  fovonrs 
good  financial  returns,  as  the  money  invested  in  irrigation  works  can  then  earn 
interest  during  the  major  portion  of  the  year  ;  whereas,  if  only  one  crop  can  be 
grown  in  the  year,  interest  for  twelve  months  has  to  be  earned  by  six  or  petliaps 
eight  months  of  cultivation. 

Putting  aside  special  cultures  such  as  fruit  trees,  meadows,  or  sugar  cane, 
which  occupy  the  iand  for  the  whole,  or  a  very  large  portion  of  the  year,  and 
intermediate  crops  which  are  sown  and  harvested  at  special  seasons,  it  will 
usually  be  found  that  two  very  different  classes  of  crops  are  grown  in  a  year- 
These  may  be  called  the  cold  weather  crops  (which  consist  of  staples  such  as 
wheat,  barley,  vetches,  and  other  temperate  zone  cultures),  and  (he  hot  weather 
crops  (which  consist  of  the  more  pronouncedly  sub-tropical  cultures  such  as 
cotton,  millet,  maize,  and  rice). 

The  varieties  of  crops  vary  from  country  to  country,  and  localities  exist 
where  wheat  and  rice,  or  flax  and  cotton,  are  grown  simaltaneously.  As  a 
general  rule,  however,  the  distinction  is  well  marked,  and  owing  principally  to 
the  hotter  temperature  {the  species  of  the  crop  does  not  appelr  to  inSuence 
the  question  to  any  great  degree,  although  rice  and  sugar  cane  always  consume 
more  water  than  the  typical  cold  weather  crops),  the  hot  weather  crops  as  a 
group  consume  far  more  water  (roughly  twice,  or  even  three  times  the  depth) 
dian  those  grown  during  the  cold  weather.  This  fact  gives  the  engineer  amirie 
opportunity  to  exercise  his  energies  in  adjusting  the  available  supply  of  water 
so  as  to  produce  the  best  financial  results.  General  rules  cannot  be  giveo. 
In  some  cases,  the  problem  is  solved  by  cultivating  a  greater  area  during  the 
nAA  weather  than  during  the  hot.  In  other  cases  (especially  where  the  rivers 
rise  in  flood  daring  the  hot  weather^  the  hot  weather  culmre  is  taken  as 
standard,  and  the  canals  are  proportioned  for  the  hot  weather  demand,  the 
cold  weather 'cultivation  being  fixed  by  the  available  supply  in  the  river.  In 
considering  these  problems  the  engineer  must  be  chiefly  guided  by  local 
experience,  and  the  cases  in  which  he  is  in  a  position  to  determine  a  priori 
the  exact  area  of  crops,  and  the  method  of  culture,  are  infrequent.  This  is 
probably  a  Messing  in  disguise,  for  (except  ia  newly  settled  countries)  local 
experience  has  usually  effected  a  very  accurate  adjustment  of  the  methods  of 
cultivation  to  local  necessities.  The  work  of  an  engineer  is  then  usually  best 
confined  to  the  improvement  of  existing  small  scale  practice  in  a  sdenufic 
manner.  Very  careful  investigations  will  usually  show  that  while  hnprovements 
in  small  details  (such  as  the  introduction  of  new  manures,  or  vari«ies  of  plants} 
can  be  effected  ;  yet,  broadly  speaking,  local  customs  at«  the  result  of  long  ages 
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of  evolution,  and  possess  all  the  adaptions  aiul  fitness  necessary  to  secure  their 
survival  that  characterise  a  well -established  natural  species  of  plant  01  animal. 
This  statement  must  in  no  wise  be  considered  as  adverse  to  agricultural 
experimental  stations.  Such  experimental  stations  form  an  integral  portion 
of  any  large  irrigation  scheme,  but  the  duty  of  the  engineer  is  to  modify  his 
channels  and  works  so  as  to  suit  the  alterations  in  cultivation  as  they  at« 
adopted,  rather  than  10  hurry  forward  their  adoption  by  means  of  premature 
modifications  of  the  irrigation  system.  It  is  but  small  consolation  to  know  that 
the  system  is  admirably  suited  to  a  certain  mode  of  cultivation,  when  the  crops 
on  the  ground  would  be  better  served  by  channels  designed  on  different 
principles. 

It  must  however  be  home  in  mind  that  a  cultivator  who  enjoys  an  unUmtted 
supply  of  water,  will  almost  invariably  be  found  to  be  using  at  least  twice  the 
quantity  he  really  requires  to  mature  as  good  a  crop  as  he  obtains  with  excessive 
water.  The  question  should  always  be  investigated,  and  the  methods  given  on 
pages  641  and  647  will  usually  provide  ample  proof  and  indicate  the  remedies. 
The  introduction  and  enforcement  of  these  remedies  is  another  and  much 
broader  question  which  1  do  not  presume  to  answer.  Personally  I  bdieve  that 
rapid  improvement  is  only  possible  in  cases  of  lift  irrigation,  where  the  fuel  bill 
forms  a  powerful  and  effective  argument. 

QVAJVT/ry  of  IVater  applied  durixg  the  growth  of  a  Crop. — 
A  certain  amount  of  water  is  required  for  the  development  of  any  plant.  This 
quantity  varies  considerably  from  an  absolute  minimum  which  will  just  keep 
the  plant  alive,  up  to  an  absolute  maximum,  which  renders  the  ground  so  wet 
that  the  plant  is  ultimately  killed.  Putting  aside  such  considerations,  let  us 
confine  our  attention  to  the  quantity  of  water  which  is  actually  used  in  practice 
by  skilled  agriculturists.  This  quantity  can  be  expressed  in  the  same  manner 
as  rainfall,  i.t.  as  a  depth  over  the  whole  area  covered  by  the  crop. 

Thus,  let  an  area  of  a,  square  feet  be  occupied  by  a  crop,  and  let  the  total 
quantity  of  irrigation  water  applied  to  mature  this  crop  be  v,  cubic  feeli 

Then,  the  depth  of  irrigation  water  used  is  plainly  d=-  feet. 

The  precise  definition  of  the  period  during  which  the  volume  v,  is  applied, 
must  of  course  depend  upon  local  circumstances.  As  a  rule,  v,  includes  all  the 
irrigation  water  used  during  the  period  between  the  first  preparation  for  the 
crop,  and  its  final  removal  firom  the  ground.  Water  used  in  preparing  the  land 
preliminary  to  ploughing  and  harrowing,  prior  to  sowing,  should  be  included 
in  the  above  irrigation  water. 

Irrigation  engineers  define  the  "duty"  of  a  given  quantity  of  water,  as  the 
area  of  cropped  ground  of  which  the  agricultural  reqoimnenls  are  satisfied  by 
that  quantity  of  water.  That  is,  when  the  duty  of  i  cusec  of  water  during  a 
period  of  say  October  to  April,  is  i8a  acres,  the  agricultural  requirements  of 
180  acres  during  this  period  are  satisfied  by  a  continuous  flow  of  1  cusec. 

In  its  primary  sense  duty  has  no  connection  with  the  maturing  of  crops,  or 
with  the  quantity  of  water  required  for  this  purpose.  Thus,  if  we  state  that 
in  the  Punjab  the  duty  for  the  month  of  November  is  170  cusecs,  we  merely 
mean  that  1  cusec  flowing  continuously  during  that  month  suffices  to  provide 
a  satisfactory  water  supply  for  the  agricultural  requirements  of  170  acres  under 
crop  ;  and  it  must  not  be  inferred  that  any  individual  acre  of  these  170  neces- 
sarily receives  any,  or  still  less,  a  proportionate,  volume  of  water  during  the  month. 
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If  we  wish  to  ascertain  the  depth  of  water  supplied  to  the  land  (not  neces- 
sariiy  applied  to  the  cropped  area,  unless  the  cusec  spoken  of  above  is  measured 
not  far  distant  from  the  cropped  area),  we  must  also  define  the  base,  i.e.  the 
period  over  which  the  duty  is  reckoned.  Thus,  the  month  of  November  having 
30  days,  converting  i  cusec  for  30  days  into  cubic  feet,  and  acres  into  square 
feet,  die  depth  of  water  applied  is  : 

30x24x60x60     1x30  , 

3°  — -i-o-3sfeet, 


170X9X4840 

34x60x60     laoo 
9x4840    "^605  ■ 


70 
1-983=2  approx. 


Since  the  a^icullural  operations  in  November  usually  consist  of  a  single 
watering,  as  a  preliminary  to  ploughing,  it  appears  that  this  "ploughing  water- 
ing" (which  is  usually  heavier  than  the  waterings  which  are  applied  later  on 
in  the  season),  is  about  4  inches  in  depth.  But,  as  it  will  be  shown  later,  this 
does  not  necessarily  mean  that  the  cropped  area  is  covered  with  water  to  a 
depth  of  4  inches  in  the  sense  that  a  4-inch  rainfall  would  "cover"  the  area. 

So  also,  if  we  are  told  that  the  duty  of  1  cusec  for  the  cold  weather  crops 
(wheat,  etc)  is  202  acres,  we  cannot  determine  the  actual  depth  of  water  used 
unless  we  know  the  number  of  days  during  which  the  canal  supplied  this 
I  cusec.     For  example,  let  the  "base"  be  170  days.    The  depth  of  the  water 

consumed  is  -  ——  =  vfy}  feet,  say  20  inches. 

Taking  another  example,  the  basin  tranals  of  Egypt  flow  for  40  days,  and 
the  water  covers  the  basin  to  a  depth  of  approximately  5  feet.  Consequently) 
the  duty  is  : 

— -~  =  16  acres  per  cusec 

As  another  example.  Willcocks  {Egyptian  Irrigation)  gives  figures  relating 
to  the  perennial  irrigation  of  cotton,  maize,  etc.,  which  permit  the  following 
table  to  be  drawn  up : 

CawM.  per  Cusec.  i„  FiS!        | 


8,t30 

12,360 


For  the  monlh  of  May. 
I  -48         I 


Foi  the  miMih  of  Jun 


10,590 


10,590 
13,060 
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The  crops  cultivated  consisted  principally  of  cotton  and  similar  "dry" 
crops,  with  about  10  per  cent  of  rice  and  "wet  crops."  In  i339  a  great  part 
of  the  rice  perisbed,  and  the  cotton  crop  was  inferior.  In  1S92  the  supply  was 
inadequate.  Thus,  the  figures  o-ji  foot  and  o'42  foot  represent  bare  minimal 
"depths"  Ibr  an  area  covered  by  the  above  combination  of  crops  in  a  climate 
such  as  that  of  Egypt  in  May  or  June.  So  far  as  the  circumstances  are  known 
to  me,  I  believe  the  cropped  area  actually  received  about  75  per  cent,  of  the 
above  depths  (see  pp.  633  and  641). 

The  usual  duties  in  this  locality  (Egyptian  Delta)  are  113  acres  per  cusec 
for  cotton  and  dry  crops,  and  63  acres  per  cusec  for  rice.  At  this  rate,  the  duty 
requisite  for  the  satisfactory  irrigation  of  a  combination  of  the  above  crops  in 
the  ratio  given  should  be  102  acres  per  cusec  ;  or  about  o'6o  foot  depth  of  water 
per  month  of  30  days ;  and  a  small  pumping  scheme  should  probably  be 
designed  to  lift  about  0*45  foot  depth  of  water  per  month. 

The  place  where  the  "  duty  "  is  measured  must  also  be  stated  ;  for  it  is  plain 
that  if  the  i  cusec  is  considered  as  measured  at  the  head  of  the  canal,  the  total 
corresponding  volume  of  water  will  not  reach  the  cropped  area,  as  a  portion 
will  be  lost  by  evap>oration,  and  an  even  greater  fraction  by  leakage  from  the 
canal  during  passage  from  its  head  to  the  irrigated  land.  The  term  duty  can 
therefore  only  be  held  to  be  completely  defined  when  the  following  are  staled  : 

(i)  Its. base,  or  the  number  of  days  over  which  it  is  measured. 

(ii)  The  place  where  the  water  is  measured,  and  what  allowances  (if  any) 
are  made  for  losses  during  the  passage  of  the  water  from  the  place  of  measure- 
ment to  the  irrigated  area. 

If  A  represent  the  duty  expressed  in  acres  per  cusec,  and  B,  the  number  of 
days  in  the  base  period,  we  see  that  (he  depth  of  water  "used"  during  the 
base  period  is  given  by  : 

although  it  must  clearly  be  understood  that  unless  the  duty  is  measured  at  the 
field,  </,  in  no  way  represents  the  actual  depth  of  water  whjch  the  crop  receives. 
As  an  example,  it  may  be  stated  that  on  the  Bari  Doab  Canal  Kennedy 
found  as  follows : 

One  cusec  entering  the  canal  is,  on  the  average,  reduced  by  absorption  and 
evaporation  to  o'So  cusec  when  it  reaches  the  head  of  a  distributary,  and  to  074 
cusec  when  it  reaches  the  outlet  from  the  distributary  to  the  field  watercourse, 
and  to  o'53  cusec  when  it  reaches  the  field.  Thus,  on  the  assumption  that 
A  =  17a  acres  per  cusec,  when  measured  at  the  head  of  the  canal,  and  B  =  170 
days,  which  is  fairly  close  to  the  average  results  for  the  cold  weather  crops,  we 
find  that : 

The  depth  of  water  which  matures  a  crop  if  measured  at  the  canal  head 

is  2  feet ; 
The  depth  of  water  which  matures  a  crop  if  measured  at  the  distributary 

head  is  i '60  foot  ; 
The  depth  of  water  which  matures  a  crop  if  measured  at  the  outlet  is 
1-48  foot ; 
and  the  depth  actually  applied  to  the  land  is  ro6  foot  only. 

These  figures  are  surprising,  but  are  confirmed  by  Ivens"  results  on  the 
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Ganges  canal,  where  one  cusec  becomes  0'8j  at  the  diEtributary  head,  0*78  at 
the  outlet,  and  0-56  al  the  field. 

The  results  refer  to  very  long  canals,  and  if  comparison  is  desired  witti 
American  or  Egyptian  conditions,  it  would  probably  be  fairest  to  consider  the 
heads  of  these  canals  as  corresponding  to  the  heads  of  distributaries  in  Indian 
canals.  Nevertheless,  even  under  these  circumstances,  the  depth  "used,"  if 
calculated  on  the  duty  of  water  passed  into  the  canal,  may  exceed  the  actual 
depth  which  is  received  at  the  field  by  33  to  40  per  cent 

It  must,  nevertheless,  be  remarked  that  the  loss  from  village  watercooises 
occurs  in  the  cultivated  area,  and  can  hardly  be  regarded  as  without  influence 
on  the  maturing  of  the  crop.  Hence,  we  may  consider  that  the  figure  "  Duty 
at  outlets,"  or  "  At  head  of  village  watercourse,"  although  no  doubt  in  excess  fA 
what  is  required,  represents  the  water  which  matures  the  crop. 

The  figure  is  peculiarly  important  to  an  engineer,  as  it  represents  the 
quantity  of  water  which  must  be  lifted  when  it  is  desired  to  irrigate  an  estate  of 
an  area  of  zooo  to  5000  acres  by  pumping  water  from  a  canal  or  river. 

The  meaning  of  such  terms  as  "  cold  weather  duty  at  head  of  canal,"  and 
"hot  weather  duty  at  head  of  village  watercourses"  now  become  plain. 
When  the  number  of  days  on  which  the  canal  is  open  during  the  "hot"  or 
"cold"  weather  season  is  stated,  the  depth  of  water  applied  to  the  land  can  be 
calculated.  It  must  be  remembered  that  while  the  depth  calculated  from  "  duty 
at  head  of  village  walerconrses "  is  very  nearly  equal  to  the  depth  actually 
aptilied  to  the  land  {the  only  losses  being  leakage  in  the  short  village  water 
channels),  the  depth  calculated  on  the  "  duty  at  head  of  canal "  is  far  greater 
than  the  actual.  The  losses  in  addition  to  those  in  the  village  watercourses 
arise  from  leakage  from  the  canal  and  its  branches,  plus  the  loss  caused  by  any 
water  that  is  passed  out  of  the  canal  by  the  escapes.  In  regard  to  this  latter 
loss,  since  it  is  visible,  and  is  easily  measured,  due  allowance  can  be  made  if 
necessary. 

The  above  remarks  show  that  the  term  duty  needs  to  be  clearly  defined,  but 
for  that  very  reason  its  investigation  forms  the  most  practical  method  of  deter- 
mining the  size  of  each  channel  of  a  canal.  Thus,  given  that  a  canal  is  required 
to  irrigate  A„  acres  of  crops,  and  that  the  duty  during  a  certain  period  at  the 
head  of  the  canal  is  Ah,  the  average  discharge  of  the  canal  during  this  period 


So  also,  if  the  duty  during  the  period  in  which  the  consumption  of  water 
is  a  maximum  be  Am  (<.f.  in  the  Punjab  the  period  is  approximately  from 
October  15th  to  November  15th)  the  maximum  supply  for  which  the  canal  must 

be  proportioned  is  —^  cusecs ;  the  base  being  the  interval  between  successive 

Ah 
waterings. 

Next,  taking  a  distributary,  or  branch  canal,  irrigating  Ai  acres,  the  avei^e 
supply  is  ~,  where  Jli  is  the  average  duty  during  the  season  considered, 


t  at  the  head  of  the  distributary,  and  the  maximum  supply  is 
j-j.  Similarly,  the  sizes  of  the  smaller  channels  can  be  determined,  when  the 
duties  measured  at  their  beads  during  the  various  periods  of  the  year  are  known. 
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The  quantity  of  water  required  to  mature  a  crop  varies  considerably.  The 
most  important  factors  affecting  the  question  are ; 

(i)  The  stcill  of  the  agriculturist,  which  is  shown  not  only  in  the  actual 

application  of  water,  but  also  in  the  whole  process  of  cultivation. 
(ii)  The  species  of  crop. 

(iii)  The  character  of  the  soil,  in  which  must  be  included  not  cmly  its 

geological  constituents,  but  also  the  depth  down  to  subsoil  water, 

and  the  amount  of  manuring  and  previous  irrigation  it  has  undergone. 

(ir)  The  rain-fall,  temperature,  and  other  characteristics  of  the  weather 

during  the  period  for  which  the  crop  is  on  the  ground. 

In  the  long  run,  the  first  fector  is  more  important  than  all  the  others.  As 
a  general  principle,  it  may  be  stated  that  there  is  a  certain  minimum  quantity 
of  water  which  will  mature  a  good  crop.  This  quantity  varies  from  year  to 
year  under  the  influences  enumerated  above,  but  any  application  of  unnecessary 
\nXfa  is  injurious,  and  the  ultimate  result  of  excessive  irrigation  is  a  permanent 
diminution  of  the  fertility  of  the  soil.  Unfortunately,  an  excess  of  water  allows 
a  good  crop  to  be  raised  (in  the  early  years  of  the  practice)  with  far  less  labour 
than  is  necessary  if  the  minimum  quantity  is  used.  Therefore,  the  personal 
interests  of  an  irrigator  (especially  in  newly  developed  countries)  are  adverse 
to  the  permanent  fertility  of  the  soil.  Consequently,  a  skilled  agriculturist  who 
adapts  himself  to  circumstances,  will  employ  methods  in  a  thickly  settled 
country  which  differ  widely  from  those  which  would  be  adopted  in  a  newly 
developed  area. 

For  instance,  in  India,  wheat  is  generally  raised  with  about  2  feet  depth  of 
water ;  while  in  America,  4  feet  is  not  considered  abnormal.  Both  these 
quantities  greatly  exceed  the  possible  minimum,  and  yet  I  consider  that  both 
are  correct,  and  that  both  should  be  adopted  in  their  respective  countries  if 
individual  interests  alone  arc  considered.  It  will  be  evident  that  Indian 
practice  is  far  better  adapted  for  preserving  the  soil  in  a  state  of  permanent 
fertility.  Broadly  speaking,  any  great  excess  over  the  minimum  indicates  an 
incorrect  method  of  api^ying  water,  but  the  question  will  be  discussed  at  length 
later. 

Foe  the  present,  we  can  generally  state  that  a  skilled  irrigator  (especially 
in  coimtries  where  he  cannot  readily  obtain  new  land)  will  raise  a  good  crop 
with  far  less  water  than  an  unskilled  nun,  but  the  labour  entailed  is  greater. 
So  also,  careftil  culdvation  of  the  soil  during  the  growth  of  a  crop,  by  manuring, 
mulching,  and  hoeing,  diminishes  the  amount  of  water  required. 

The  species  of  crop  grown  also  largely  influences  the  quantity  of  water 
required  to  mature  it.  Typical  figures  are  given  for  Indian  conditions,  and  U 
will  be  seen  that  the  variations  thus  produced  are  very  large  (p.  640). 

Again,  the  character  of  the  soil  affects  the  quantity  of  water  used.  It  will  be 
evident  that  a  loose,  sandy  soil  absorbs  more  water  than  a  heavy  clay,  and  if  in 
addition  the  subsoil  water  level  is  close  to  the  surface  of  the  clay,  and  is  far 
below  that  of  the  sand,  these  differences  will  become  even  more  marked.  In 
one  particular  case,  I  found  that  a  crop  of  wheat  grown  on  sandy  soil  required 
three  times  the  depth  of  water  that  sufficed  to  mature  a  similar  crop  grown  by 
the  same  agriculturist  on  an  adjacent  patch  of  clay  soil. 
,  In  actual  practice,  however,  the  effect  of  the  quality  of  the  soil  is 
somewhat  obscured  by  the  fact  that  crops  requiring  but  little  water  are  usually 
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grown  on  soils  which  absorb  water  readily,  and  vice  versa.  Consequently,  lie 
extra  water  absorbed  by  the  soil  is  partly  balanced  by  a  saving  in  that  necessary 
for  crop  growth. 

The  effect  of  climate  is  important  in  the  following  cases  : 

(i)  If  it  is  proposed  to  introduce  a  new  crop  into  a  district,  a  study  of  the 
water  requirements  of  that  crop  in  other  localities,  combined  with  the  differences 
in  rain-fali  and  mean  temperature  during  the  crop  season  in  the  two  localities, 
gives  valuable  results. 

Thus,  in  considering  the  cultivatign  of  cotton  in  Mesopotamia  (see  Willcocks, 
Irrigation  of  Mesopotamia)  in  ordinary  years  it  is  found  that  a  rain-fall  of  about 
3,  to  T.\  inches  occurs  during  the  early  portion  of  the  season  of  cotton  cultiva- 
tion. Consequently,  one  less  watering  is  required  than  is  necessary  during  a 
similar  period  in  Egypt  where  no  rain  occurs.  Towards  the  end  of  the  cotton- 
growing  season,  however,  the  mean  temperatures  are  considerably  higher  than 
in  the  corresponding  period  in  Egypt.  It  is  therefore  believed  that  during  this 
period  one,  or  even  two  waterings  more  than  are  given  in  Egypt  will  be 
necessary.  The  total  depth  of  water  required  is  therefore  but  little  more  than 
in  Egypt,  but  its  distribution  during  the  period  when  the  crop  is  on  the  groimd 
differs  greatly  from  that  prevailing  in  Egypt. 

(ii)  The  effect  of  the  variations  in  rain-fall  and  mean  temperature,  from 
year  to  year,  on  the  quantity  of  water  required  to  raise  a  crop,  are  by  no  means 
SD  marked  as  might  at  first  sight  be  expected.  This  is  due  to  the  fact  that 
unless  the  crop  season  is  continuously  rainy,  evaporation  from  the  wetted 
ground  after  each  rain  storm  is  (in  climates  where  irrigation  is  usually  practised) 
so  intense  that  the  soil  rapidly  becomes  baked,  and  its  surface  caked  hard. 
Consequently,  a  fresh  wetting,  either  by  irrigation,  or  by  rain,  is  needed  very 
soon  afterwards. 

If  the  season  is  continuously  wet,  agriculturists  are  encouraged  to  plough 
and  sow  land  which  is  not  usually  cultivated.  This  land  is  likely  to  absorb 
more  water  than  land  which  is  regularly  irrigated,  and  crops  needing  more 
water  than  those  usually  grown  will  be  raised  on  some  portion  of  the  area  that 
is  regularly  irrigated.  Hence,  in  a  country  which  is  well  adapted  for  irrigation, 
the  effect  of  a  continuously  wet  year  is  not  so  much  to  increase  the  duty  of  the 
water,  as  to  permit  irrigation  of  a  bigger  area,  and  the  raising  of  an  unusually 
large  profiortion  of  crops  requiring  a  great  amount  of  water. 

There  is,  however,  another  and  financially  very  impHirtant  aspect  of  this 
question.  There  are  many  localities  where  the  rain-fall  is  of  such  a  magnitude 
that  the  staple  crops  can  be  grown  without  irrigation  during  about  one-half 
of  a  long  series  of  years,  but  require  more  or  less  irrigation  during  the 
remaining  years  of  the  period.  In  such  cases,  it  is  quite  probable  that  un- 
irrigated  crops  will  fail  for  five,  six,  or  even  ten  consecutive  years.  A  demand 
for  irrigation  is  thus  produced ;  and  it  frequently  happens  in  cases  where 
careful  preliminary  investigations  have  not  been  undertaken,  that  irrigation 
works  are  completed  just  at  the  beginning  of  a  spell  of  wet  year?,  tn  such 
cases,  any  discussion  of  the  duty  of  water  is  futile,  and  owing  to  the  almost 
certain  financial  failure  of  the  scheme,  unnecessary. 

The  above  will,  I  hope,  render  it  plain  that  the  duty  of  water  is  a  matter 
that  cannot  be  readily  predicted.  In  actual  practice,  it  will  be  found  that  not 
only  each  canal,  but  also  each  esiate  supplied  by  a  canal,  has  its  own  peculiar 
duty.    These  differences  will  ultimately  (and  under  careful  and  progressive 
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management,  very  rapidly)  adjust  themselves  by  slight  and  almost  unperceived 
modifications  in  the  sizes  of  the  distribution  channels.  In  the  design  of  a 
canal,  however,  some  average  figure  must  be  assumed,  and  it  may  at  once  be 
said  that  no  matter  deserves  more  careful  preliminary  study. 

The  principles  are  fairly  plain.  We  must,  as  far  as  possible,  ascertain  the 
duties  actually  obtained  in  similar  localities  with  crops  such  as  will  be  grown 
on  the  area  which  it  is  proposed  to  irrigate.  A  careful  estimate  should  also  be 
made  of  the  areas  likely  to  be  irrigated,  and  local  opinion  canvassed  as  to  the 
crops  proposed.  It  will  then  be  possible  10  discover  whether  differences  exist 
in  the  area  to  be  irrigated  which  are  likely  to  cause  any  portions  to  demand 
more  or  less  water  in  proportion  to  their  extent. 

By  such  means,  we  can  arrive  at  a  figure  for  the  average  duty  over  the 
whole  area,  and  can  broadly  determine  whether  any  portions  require  special 
treatment. 

The  matter  is  further  complicated  by  the  fact  that  in  most  irrigated 
countries  the  climate  is  such  that  two,  or  even  three  crops,  can  be  raised  in  the 
year,  and  these  crops  will  usually  require  very  different  quantities  of  water. 
The  complete  solution  will  therefore  take  into  consideration  not  only  the  crops 
which  are  likely  to  be  raised,  but  the  water  which  is  available  at  different 
■  seasons  of  the  year,  and  the  relative  values  of  the  possible  crops. 

It  is  necessary  to  remember  that  any  large  error  in  selection  may  lead  to 
financial  failure  by  forcing  the  agriculturists  to  grow  unprofitable  crops. 
Fortunately,  the  engineer  is  assisted  by  favourable  circumstances  ;  he  can 
afford  to  "  guess  high,"  in  doubtful  cases,  and  can  justify  his  attitude  by  two 
undoubted  facts, — Firstly,  in  the  early  years  the  agriculturists  will  be  more  or 
less  inexperienced,  and  will  use  more  water  than  in  subsequent  years. 
Secondly,  during  the  early  years  of  irrigation  belter  crops  are  obtained  from 
virgin  soils  by  heavier  watering  than  is  later  required. 

Hence,  the  logical  attitude  is  to  design  the  canal  for  a  duty  which  is 
somewhat  less  than  that  usually  obtained.  Later  on,  as  matters  approach 
their  normal  state,  measures  may  be  taken  to  increase  the  duty,  and  the  water 
thus  saved  can  be  utilised  in  extending  the  irrigation  to  fresh  land.  Indeed, 
the  most  marked  feature  of  a  really  successful  canal  is  its  steady  growth  ;  and 
the  channels  are,  in  the  long  run,  more  likely  to  prove  too  small,  than  too  large, 

The  above  considerations  are  best  exemplified  by  actual  examples.  I  select 
the  following : 

The  first  is  Willcocks'  discussion  of  the  possibilities  of  irrigation  in 
Mesopotamia  {IrrigatioK  ef  Mesopotamia,  1905),  which  niay  be  considered  as  a 
reconnaissance  in  an  almost  unstudied  country. 

From  local  observation  it  is  found  that  the  crops  grown  are  very  similar  to 
those  of  £gypt,  but  that  the  summer  temperatures  are  somewhat  higher,  while 
the  winter  temperatures  are  slightly  lower.  The  eliact  figures  are  tabulated  by 
Willcocks  {uf  supra,  p.  31),  who  assumes  that  the  cold  weather  crops  will  be 
those  of  Egypt,  and  will  not  require  more  water.  For  the  hot  weather,  he  finds 
that  maize  and  similar  crops  are  grown  during  the  season  May,  June,  and  July  ; 
while  in  Egypt  similar  crops  and  similar  temperatures  occur  in  August  and 
September.  Thus,  the  duty  during  May  and  June  is  taken  as'  equal  to  that  of 
the  period  August  and  September  under  perennial  irrigation  in  Egypt.  In  the 
months  of  August  and  September,  cotton  alone  remains  on  the  land,  and  con- 
sequently only  one-third  of  the  area  is  occupied. 
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The  assumptions  produce  a  state  of  affairs  under  which  the  water  require- 
ments of  the  area  agree  very  fairly  well  with  the  supply  in  the  river,  although 
the  demand  is  but  small  during  the  months  of  March  and  April  when  the  river 
supply  is  apparently  at  its  maximum. 

The  assumptions  are  probably  justified.  They  really  mean  that  from 
November  to  March  the  whole  tnigated  area  is  under  such  crops  as  wheat  ud 
pulses.  From  May  to  July  the  whole  area  is  under  maize  and  cotton,  and  m 
August  and  September  one-third  of  the  area  is  under  cotton,  the  maize  and 
other  crops  having  been  harvested. 

The  duties  are  calculated  as  S6  acres  in  the  hot  weather,  and  as  244  in  the 
cold,  reckoned  on  the  gross  area.  This  latter  figure  is  high,  and  it  is 
assumed  that  a  development  of  well  irrigation  equal  to  that  now  prevailing  in 
Egypt  will  take  place,  otherwise  a  smaller  duty  would  have  to  be  assumed; 
probably  approximately  160  acres  if  no  well  irrigation  is  adopted.  The  assump- 
tion can  be  relied  upon,  for  should  well  irrigation  not  develop,  it  will  be  possilde 
to  give  the  extra  supply  required  in  order  to  provide  for  deficiencies  in  well 
irrigation,  since  the  canal  has  three  times  the  capacity  required  for  the  assumed 
cold  weather  duty.  Therefore,  trouble  need  not  be  anticipated  until  the 
irrigation  of  the  whole  country  is  so  far  developed  that  the  cold  weather  supply 
of  the  river  is  insufficient  for  the  requirements  of  the  total  irrigated  area.  So 
far  as  can  be  gathered,  the  river  would  sufiice  to  irrigate  about  five  times  the 
area  for  which  the  project  is  drawn  up. 

The  crux  of  the  whole  question  lies  iu  the  excessive  reliance  placed  on  the 
cotton  crop  ;  for  should  this  not  become  an  important  staple,  the  demand  is  not 
likely  to  fall  from  the  calculated  value  of  7000  cusecs  in  July,  to  2800  cusccs  in 
August ;  and  if  this  does  not  occur,  the  supply  in  the  river  may  ultimately  be 
deficient  in  August  and  September. 

As  a  contrast  to  Willcocks'  reconnaissance,  the  method  employed  in  the 
project  for  the  triple  Punjab  canals,  namely,  the  Upper  Jhelum,  Upper  Chenab, 
and  Lower  Bari  Doab,  may  be  given.  Here,  the  country  is  accurately  surveyed, 
and  the  present  state  of  cultivation  is  recorded  almost  too  minutely.  The  gross 
area  "  commanded  "  {i.e.  that  which  is  irrigable  if  only  the  relative  levels  of  the 
water  and  the  land  are  considered)  by  the  Upper  Chenab  canal  is  1,608,618  acres. 
Of  this,  5  per  cent,  is  assumed  to  be  occupied  by  roads  and  buildings,  or 
otherwise  unculturable.  ^%  per  cent,  of  the  remainder  is  assumed  to  be  the 
combined  quota  of  canal  and  well  irrigation.  The  remaining  30  per  cent,  is 
either  low-lying  land,  flooded  by  small  streams,  or  which  is  otherwise  capable 
of  producing  a  crop  without  the  assistance  of  irrigation,  or  forms  a  reserve 
against  passible  water-logging  (see  p,  747), 

The  irrigable  area  is  therefore         .  .     1,146,141  acres. 

Existitig  well  irrigation  is        ...        .        497,773     ,1 
So  that  the  canal  irrigation  will  be .  .       648,368     „ 

In  the  actual  project,  the  canal  irrigation  area  is  given  by  districts,  and  the 
percentages  5  per  cent,  and  10  per  cent  are  by  no  means  assumptions,  having 
been  arrived  at  after  careful  enquiry  and  a  study  of  the  existing  population  and 
methods  of  cultivation. 

Half  of  the  above  area  is  assumed  to  be  irrigated  in  the  hot  weather  (May 
to  September,— Kharif),  and  half  in  the  cold  weather  (October  to  April,— Rabi). 
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The  Khaiif  duty  is  taken  as  loo  acres  per  cusec,  this  bein;  a  figure  obtained 
from  eiqierience  on  well-maintained  and  skiUully  cultivated  canal  systems  some 
40  and  60  miles  away.  The  gross  discharge  is  therefore  3343  cnsecs,  plus  an 
allowance  for  absorption  (see  p.  738)  in  the  main  canals.  Experience  has  also 
shown  that  it  is  advisable  to  be  able  to  give  an  extra  supply  of  25  per  cent,  in 
cases  (rf  emergency.  We  thus  get  the  following  table,  where  the  capacity  of 
each  branch  has  been  obtained  by  a  similar  calculation :— 


OManel. 

Cusecs  Discha^ed. 

Ordinaiy  Supply. 

Exliaordiiury 

Absorption  M 

SCuMCspet 

million  square  fe«t  of 

wetted  surface  when 

Supply  >3  running. 

Main  line,  upper    . 
Main  line,  lower     . 
Raya  branch  . 
Nolchar  branch       . 
Khadir  branch 

Total . 

No  irrigation 
1156 
1050 

43S 

600 

No  irrigation 
1442 

750 

353. 
679 

% 

34 

324a 

4052 

1161 

So  that  the  Upper  Chenab  canal  has  to  carry  5313  cusecs  for  its  own  re- 
quirements. It  also  carries  the  whole  supply  of  the  Lower  Bari  Doab  canal, 
which  is  syphoned  under  the  river  Ravi.  This  canal  irrigates  what  is  practi- 
cally a  desert.  It  is  assumed  (from  previous  e^iperience  in  similar  canals)  that 
85  per  cent  of  the  gross  area  will  be  culturable.  The  ccmimanded  area  is 
divided  into  two  well-marked  divisions,  namely,  the  Bar,  or  high  lands,  where 
the  subsoil  water  is  60  to  70  feet  below  the  ground  surface ;  and  the  Bet,  or 
low  lands,  where  this  depth  is  33  feet  in  the  Ravi  Bet,  and  45  feet  in  the 
Beas  Bet 

Thus,  the  percentages  of  irrigation  permitted  are  assumed  as  :— 

Per  Cent.  Per  Cent.  Acres, 

In  the  Bar,  75  of  culturable  0163  =  6375  of  grass  area»547,373 
In  the  Bet,  50  „  -42'S  ,,  -335»^55    ., 

88j,538 

The  diffiirence  is  due  to  the  possltnlities  of  water- logging.  It  tnust  be 
remembered  that  these  percentages  will  probably  be  exceeded  in  certain 
districts  in  the  course  of  years,  as  the  likelihood  or  otherwise  of  water-logging 
becomes  better  known. 

It  is  realised  that  in  this  district  since  the  Monsoon  rains  {i.e.  Khai'if  season) 
are  not  snfficiently  heavy  to  permit  any  cultivation  on  other  than  irrigated 
areas,  it  would  be  advisable  for  one-third  of  the  above  area  to  be  cropped  la 
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the  Kbarif  season,  and  two-thirds  in  the  Rabi  season.  The  supply  in  the 
river  does  not  permit  this ;  and  the  assumption  that  half  the  area  should  be 
Kharif  cropped,  and  the  remainder  Rabi  cropped,  although  finanLially  less 
desirable,  has  lo  be  made.  The  canal  is  therefore  proportioned  at  i  cusec 
per  loo  acres  for  441,364  acres,  with  an  allowance  of  2$  per  cent,  extra  for 
emergency  suppliei,  and  an  allowance  for  absorption  in  the  main  line  and 
large  branches  calculated  at  8  cusecs  per  million  square  feet  of  wetted  area 
(see  p.  738). 

We  thus  get ; 


aumneU 

Cusecs  Discha^. 

Ordinary,  U. 
Kharif  Area 

ExtiaofdtoMy; 
J  Ordinary. 

Absorption. 

Main  line  . 
Montgomery  branch  . 
Gi^eta  branch  . 
She^rh    . 

No  irrigation 
3549 
698 
166 

No  irrigation 
4436 
872 

308 

314 

544 

107 
This  is  a  distrib- 
utary,   so    no 
absorption     is 
allowed. 

V       The  total  capacity  at  the  head  is  therefore  .        .       6481  cusecs 

Add  the  quantity  used  and  absorbed  in  the  Upper 
'1-^4    Chenab 5113      „ 

fb^Totalcapacity  of  Upper  Chenab  canal  at  its  head     11694      „ 

The  above  is  probably  the  most  complete  and  carefully  Investigated  project 
which  has  ever  been  made.  It  is,  consequently,  as  well  to  state  that  in  some 
respects  it  is  not  precisely  a  model  one.  If  immediate  financial  returns  were 
alone  regarded,  there  is  little  doubt  but  that  a  greater  percentage  of  area  would 
be  irrigated,  and  that  this  area  would  be  afterwards  reduced  in  those  districts 
where  water-logging  became  manifest.  The  policy  followed  is  to  allow  such  a 
percentage  of  irrigation  that  it  will  never  be  necessary  to  deprive  any  land 
which  bas  once  been  irrigated  of  canal  water,  and  therefore  large  extensions 
may  be  hoped  for  in  most  districts.  If  financial  returns  are  alone  considered, 
the  ratio  of  Kharif  and  Rabi  irrigation  now  adopted  would  be  somewhat 
changed. 

Hie  Rabi  duty  is  200  acres  per  cusec,  so  that  were  the  irrigation  divided 
into  two-thirds  of  the  total  area  Rabi,  and  one-third  Kharif^  the  supply  in 
each  season  would  be  the  same,  and  the  total  capacity  of  the  two  canals  (all 
allowances  being  decreased  in  the  same  ratio)  would  be  about  7463  cusecs. 
Consequently,  a  notable  economy  in  first  cost  could  be  secured. 

The  question  of  the  methods  of  regulation  of  the  supply  which  are  entailed 
by  the  fact  that  the  maximum  demand  in  the  Rabi  season  is  appreciaUy  less 
than  the  maximum  Kharif  demand  is  discussed  later  (see  p.  741).    While  00 


ly  Google 


VARIATION  OF  DUTY  639 

difficulty  in  the  actual  irrigation  is  experienced,  once  the  system  is  in  good 
working  order,  it  will  be  plain  Chat  if  the  seasonal  demands  were  rendered 
approximately  equal,  many  of  the  masoory  works  for  regulating  the  water 
level  and  distributing  the  supply  into  the  various  channels  in  turn  could  be 
dispensed  with.  The  elctra  cost  entailed  by  the  larger  Kharif  supply  is  there- 
fore not  fully  expressed  by  the  extra  capacity  required  in  the  earthen  channels. 

A  study  of  the  river  discharges  indicates  that  a  supply  which  would  permit 
this  ratio  of  Kharif  and  Rabi  irrigation,  could  probably  be  obtained  in  nine 
years  out  of  ten,  and  that  the  deficiency  in  the  tenth  year  would  be  small.  The 
improvident  habits  of  the  Punjabi,  combined  with  the  fact  that  the  crops  during 
the  Kharif  season  fonn  the  staple  food  of  the  population,  fully  justify  the  course 
adopted.  But  if  the  population  were  better  able  to  cope  with  a  bad  season, 
the  Rabi  irrigation  could  be  lai^ely  increased,  and  the  Rabi  crops  are  at 
present  the  more  profitable.  My  own  experience  on  a  canal  which  was  similarly 
situated  to  the  Lower  Bari  Doab  leads  me  to  believe  that  the  Rabi  area  wiU 
probably  increase  in  a  greater  ratio  than  the  IGiarif;  and  we  may  expect 
that  the  final  result  will  be  something  more  like  700,000  acres  of  Rabi,  and 
500,000  acres  of  Kharif,  in  place  of  the  441,000  acres  of  Rabi,  and  441,000  acres 
of  Kharif,  provided  for. 

Regarding  the  matter  in  this  light,  the  real  meaning  of  the  allowance  of 
35  per  cent,  of  extra  supply  becomes  somewhat  more  plain.  An  engineer 
designing  such  a  system  for  profit  alone  would  consequently  increase  the  Rabi 
area  to  the  maximum  permitted  by  the  supply  in  the  river,  and  would  irrigate 
only  such  Kharif  area  as  the  capacity  of  the  canal  that  will  serve  the  Rabi 
area  (with  allowances  for  extra  supplies)  will  permit. 

Variatioas  in  the  Value  of  the  Dutj.—The  considerations  detailed  above  will 
render  it  plain  that  the  "  duty  "  of  water  in  a  given  locality  is  almost  as  variable 
as  the  rain-fall.  In  Egypt  the  lain-fall  is  practically  nil,  and  therefore  die 
"  duty "  of  water  used  in  perennial  irrigation  might  be  considered  as  likely  to 
be  fairly  constant.  As  a  matter  of  fact,  putting  aside  all  years  when  the  water 
supply  is  deficient,  and  fairly  good  crops  (in  fact  in  some  years  of  moderatdy 
deficient  water  supply  the  term  "good  crops"  is  applicable)  are  raised  on  a 
limited  supply  of  water,  we  find  that  the  duty  varies,  although  not  so  greatly 
as  in  India,  from  year  to  year,  owing  to  such  influences  as  extra  manuring, 
the  substitution  of  cotton  for  sugar  cane,  etc.  The  Indian  figures  are  even 
more  variable,  principally  owing  to  variations  in  the  rain-fall.  As  the  Indian 
conditions  are  more  closely  akin  to  those  which  generally  prevail  in  irrigated 
countries,  rather  than  to  those  of  Egypt,  I  tabulate  a  selection  of  ttfe  figures 
given  in  the  official  reports  on  the  subject.  These  figures  are  calculated  on 
the  average  discharge  at  the  heads  of  the  canals,  and  if  it  is  necessary  to 
compare  them  with  Egyptian  or  American  values,  they  should  be  increased  by 
about  2;  per  cent.  If  jlie  figures  are  used  to  calculate  the  water  which  is 
actually  applied  to  the  fields,  a  base  of  180  days  can  be  taken,  and  the  depths 
thus  obtained  should  be  multiplied  by  0*55  or  0*60. 

The  Sirhind  canal  irrigates  an  area  which  is  somewhat  more  sandy  than 
the  land  commanded  by  the  Bari  Doab.  The  higher  Rabi  duties  of  the  Sirhind, 
as  compared  with  the  fiari  Doab,  during  the  years  1894-1900  are  due  to  the 
silt  troubles  in  the  Sirhind,  which  are  known  to  have  caused  a  considerable 
economy  in  water  during  this  period.  It  is  for  this  reason  that  I  have  selected 
these  two  canals  as  examples,  since  the  figures  form  a  proof  of  the  principle 
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that  strenuous  efTorts  in  economising  water  will  enable  an  agriculturist  to 
e  such  handicaps  as  sandy  soil,  etc. 


Vmi. 

Duties 

n  Acres  pe 

Cusec. 

KhaiifDuty. 

Doab  Canal 

SIrhind  Caiul. 

Kabi  Duty. 

Month  of 

KhkrifDaty. 

RabiDoty. 

,893-1894 

1894-189S 

■           70 

112 

IJ2 

20 

77 

189S-896 

1        68 

44 

156 

i896-,897 

73 

78 

.897-1898 

8. 

164 

i898-,899 

I        77 

i6z 

66 

182 

1899-1900 

1        74 

164 

87 

198 

1900-1901 

!    99 

149 

148 

lor 

110 

I90i-r90j 

198 

55 

'77 

1902-1903 

... 

aoa 

Base      . 

180  days 

1 60  days 

30 

180  days 

160  days 

j    approx. 

approx. 

approx. 

approx. 

While  the  absolute  volume  of  water  used  is  highly  variable,  a  fairly  dose 
connection  exists  between  the  relative  depths  of  water  cQi)sui>)e<l  by  difiemt 
crops  in  the  same  locality,  and  during  the  same  year, 

Uaing  the  depth  of  water  consumed  by  a  crtqt  of  w4ieat  as  unit,  we  6iid 
in  India  as  follows  : 


Duralion  of  Crop  Season.  . 


4  to  6  months 
6  months 


Wheat 

Barley 

Vegetables       .... 

Tobacco 

Lucem  and  other  permanent  forage  . 

Gardens 

Sugar  cane       .... 


It  so  happens  that  the  irrigation  water  applied  to  the  wheat  crops  was,  on 
the  average,  equivalent  to  a  depth  of  10  inches,  and  that  2  inches  more  was 
received  as  rain,  but  the  figures  for  the  absolute  depth  of  water  received  by 
any  crop  are  far  more  variable  than  the  ratios  tabulated  above.  It  must  also 
be  remembered  that  the  relative  profits  obtainable  from  an  acre  of  crop  \Avt 
a  great  influence  {f.g.  compare  tobacco  with  vegetables)  on  the  quantity  of 
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wat«T  ID  agricultiuist  will  apply.  Thus  in  localities  whore  the  prices  diffsr 
from  Indian  rates  this  factor  alone  may  produce  mariced  variations.  In  Egypt 
the  infiucnce  of  the  extra  manuring  given  to  valuable  crops  frequently  causes 
the  water  consumption  of  a  well-manured  field  to  be  relatively  much  less  than 
the  species  or  value  of  the  crop  would  indicate. 

Estimahm  of  tht  Duty  of  Water  for  aity  Crop,  or  LaeaUty.—K  study  of 
the  duties  recorded  on  page  640  will  show  that  they  are  so  variable  that  any 
enumeration  of  the  figures  which  are  accessiUe  on  the  subject  would  be  as 
useless  to  an  engineer  who  is  preparing  an  estimate  for  an  unstudied  locality, 
as  tables  of  observed  rain-foils  would  be  if  they  were  used  to  estimate  the 
rain-fall  of  a  locality  where  observatioDs  were  deficienL  Consequently,  the 
following  discussion  deals  with  the  accumnlation  of  facts  by  which  local  ideas 
on  the  water  requirements  of  a  crop  can  be  checked,  and  its  chief  object  is 
to  enable  the  effect  of  the  changes  in  the  methods  of  applying  water  to  the 
land  on  the  wat«  requirements  of  the  crops  to  be  estimated. 

It  will  be  found  that  while  an  ^ricukurist  has,  as  a  rule,  the  vaguest  (and 
often  most  eironeons}  ideas  of  the  quantity  (or  total  depth)  of  water  which  is 
applied  to  a  crop,  he  has  always  a  very  definite  knowledge  of  the  number  of 
waterings  which  a  crop  receives,  and  of  the  intervals  between  the  successive 
applications  of  water.  His  knowledge  on  these  two  points  may  be  regarded  as 
incapable  of  improvement ;  and  it  will  also  be  found  that  he  not  only  knows  the 
number  of  waterings  given  in  a  normal  year,  but  has  a  very  ixa  idea  of  the 
effect  of  an  excess  above,  or  deficiency  below  the  normal  rain-fall,  and  is  acutely 
conscious  of  the  longest  period  that  can  elapse  between  waterings  without 
damage  to  the  crop.  This  knowledge  should  not  be  taken  as  final,  for  the  two 
following  reasons : 

(i)  The  small  pioneer  irrigation  systems  from  which  this  knowledge  is 
frequently  derived  are  generally  devoted  to  raising  crops  such  as  garden 
produce  ((>.  melons  and  gveen  vegetables,  rarely  potatoes,  or  vegetables  which 
are  able  to  stand  transport),  or  fodder  (such  as  green  oats),  and  the  more 
valuable  crops  such  as  opium,  or  condiments.  These  crops  usually  require 
more  water  than  the  less  valuable  staples  which  will  be  grown  when  a  weU- 
developed  system  of  irrigation  is  introduced.  The  error  thus  produced  is  but 
small,  as  in  the  early  years  of  irrigation  the  agriculturist  will  apply  his 
experience  of  the  above  crops  to  the  staple  crops,  and  if  the  engineer  does  not 
give  him  sufficient  water  to  permit  this,  the  development  of  irrigation  will 
probably  be  slow. 

(ii)  If  the  development  is  snfEciendy  advanced  to  permit  of  staple  crops 
being  raised  under  irrigation,  it  will  usually  be  found  that  these  staples  all 
require  water  at  the  same  time ;  and  a  Professor  of  AgricuHure  will  be  able 
to  show  that,  in  tbeory  at  any  rate,  far  larger  areas  of  mixed  crops  could  be 
irrigated  with  the  available  water.  This  opinion  must  be  neglected  in  practice. 
We  are  concerned  not  with  "  things  as  they  ought  to  be,"  but  with  "  things  as 
they  are,"  If,  by  a  judicious  adjustment  of  the  water  rates,  and  by  scientific 
trials  of  new  agricultural  products,  the  ^riculturist  can  eventually  be  persuaded 
to  economise  water,  fresh  tracts  of  land  can  be  irrigated. 

The  practical  result  therefore  is  to  accept  the  local  custom  as  fixing  the 

number  of  waterings  which  we  are  prepared  to  apply,  and  to  lay  out  the  system 

so  as  to  permit  of  its  extension.    This  is  most  easily  efli»:ted  by  stopping  each 

small  distributing  canal  somewhat  short  of  its  maximum  possible  length  ;  and 
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the  ideas  of  scientifically  ttalned  agriculturists  od  the  subject  of  new  oops  and 
possible  economies  in  watei  may  be  accepted  in  this  matter.  On  the  other 
hand,  when  considering  the  supply  which  is  to  be  given  to  the  uea,  which  it 
is  ))roposed  to  irrigate  at  the  start,  local  custom  should  be  held  as  binding. 

The  number  of  waterings  being  thus  determined,  the  depth  of  each  watering 
has  to  be  considered.  This  is  best  obtained  by  an  actual  measurement  of  (he 
water  used  (the  best  method  is  a  triangular  notch),  and  of  the  area  covered. 
The  expense  is  not  heavy.  A  careful  study  of  the  depths  of  five  waterings 
covering  an  area  of  seven  acres  (including  a  complete  record  of  the  weight 
of  the  crop)  can  be  made  (professional  salaries  and  travelling  expenses  apart) 
for  .j^$o  to  £Jxi,  and  if  the  co-operation  of  an  intelligent  agriculturist  can  be 
secured,  this  expense  can  be  decreased.  1  strongly  recommend  that  at  least 
three  such  studies  should  be  made,  on  areas  selected  so  as  to  permit  the 
influence  of  the  quality  of  the  soil  being  determined.  If,  in  addition,  the  rate 
at  which  the  water  is  applied  is  varied,  still  more  valuable  resnlts  will  be 
secured.  Consequently,  the  fullest  information  woOld  be  secured  if  the  depths 
of  water  applied  under  the  nine  following  conditions  were  measured: 


I.  Sandy  Soil. 

(a)  Water  applied ; 

at  the  rate  of  j  cusec 

m 

'5      ., 

iA 

3      ,. 

II.  Medium  (loamy)  Soil. 

{a)  lyater  applied  ; 

It  the  rate  of  J  cusec. 

{*) 

»                 '      » 

CO 

0                 2      „ 

III.  Heavy  (clayey)  Soil. 

(a)  Water  applied  s 

It  the  rate  of  i  cusec 

(i) 

\       n 

w 

r,                         I        .. 

The  conditions  specified  above  are  selected  in  order  to  obtain  information  as 
to  the  rale  at  which  water  can  best  be  delivered.  The  larger  quantities  are 
therefore  suggested  in  sandy  soil.  The  absolute  quantities  are  selected  from 
the  experience  of  agricttlturists  using  manual  labour  only,  and  in  a  flat  country. 
Where  machinery  is  employed,  larger  rates  of  flow  might  be  advantageously 
applied.  In  a  steep  country,  smaller  rates  of  flow  must  usually  be  adopted.  It 
will  also  be  plain  that  if  the  cost  of  obtaining  information  were  alone  considered, 
it  would  be  better  to  apply  the  larger  rates  of  flow  in  the  clayey  soil,  for  a  flow 
exceeding  two  cusecs  is  somewhat  difliculc  to  handle  in  sandy  soil. 

The  depth  of  a  watering  as  thus  determined  will  usually  be  found  to  be 
fairly  constant,  except  that  the  depth  of  the  first  watering  (usually  termed  the 
"ploughing  watering,"  although  it  may  either  precede  or  succeed  the  actual 
operation  of  ploughing),  is  some  25  per  cent,  greater  than  those  given  when  the 
crop  is  in  the  ground.  The  second  watering  is,  as  a  rule,  a  little  deeper  than 
the  others ;  but  the  difference  is  only  detected  by  weir  measurements.  It  will, 
however,  be  found  in  certain  crops  that  deeper  waterings  are  desired  at  partitnilar 
stages  of  the  crop  growth.  In  countries  where  irrigation  has  been  practised  for 
many  years,  any  watering  which  is  dignified  by  a  special  name  must,  as  a  rule, 
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be  suspected  to  be  deeper  than  the  average.  The  questiori  is  inually  not  an 
important  one,  but  the  matter  must  be  recorded  \  iQ:t,  should  one  of  these  deep«T 
waterings  occur  simultaneously  with  a  low-water  stage,  in  tbe  river  or  other 
source  of  supply,  its  depth  may  prove  to  be  the  factor  which  fixes  the  total 
possible  aiea  of  irrigation. 

Thus,  in  the  Punjab,  the  depth  of  the  ploughing  watering  combined  with  the 
possibility  of  a  simultaneous  low  stage  of  the  rivers  during  tbe  period  from  the 
i5tb  October  to  the  15th  December,  and  more  acutely  from  the  ist  November 
to  the  30th  November,  will  ultimately  fix  the  total  irrigable  area. 

In  Bengal,  a  similar  sudden  demand  for  water  from  all  rice  cultivators,  just 
before  tbe  rice  harvest,  taxes  all  channels  to  their  utmost ;  and  if  the  cultivators 
could  be  induced  to  grow  varieties  of  rice  which  did  not  require  this  last  drench- 
ing, the  channels  would  probably  irrigate  an  area  greater  by  50,  or  60  per  cent. 

In  Egypt,  on  the  other  hand,  the  acute  demand  (in  cotton  cultivation  at  any 
rate)  is  not  produced  by  any  abnormal  requirements  of  the  crop,  but  occurs  in 
Hay,  June,  and  tbe  early  part  of  July,  when  the  crop  requirements  are  normal, 
but  the  supply  in  the  Nile  is  low.  In  this  country,  when  the  present  reservoir 
and  reclamation  sdiemes  are  fully  carried  out,  it  is  probable  that  tbe  require- 
ments of  the  maiie  crop  during  the  ploughing  watering  will  finally  prove  to  be 
the  factor  limiting  the  extension  of  irrigation. 

Such  studies  {when  properly  carried  out)  will  permit  the  duty  of  water  as 
measured  at  the  field  to  be  detennined.  The  losses  which  occur  between  the 
river  and  the  Geld  can  be  estimated  by  the  %uies  given  on  page  738,  or  better  still, 
systematic  gaugings  can  be  made  on  existiog  channels  by  the  methods  already 
discussed.  The  triple  canal  project  quoted  on  page  637  shows  the  method  of 
allowance  for  the  losses  in  the  major  canals,  and  a  similar  calculation  can  be 
applied  to  the  minor  canals  and  watercourses. 

In  many  instances,  however,  the  expense  of  such  studies  is  grudged  ;  and  in 
any  case  an  engineer  must  be  prepared  to  give  preliminary  figures  which  will 
justify  an  expenditure  of  even  .£60  on  "mere  theory." 

ITic  following  notes  on  the  normal  depth  of  a  "  watering  "  are  therefore 
useful 

Putting  aside  such  crops  as  rice,  which  grows  in  standing  water,  and  valuable 
crops  such  as  garden  produce,  fruit,  and  drug  plants,  which  are  supplied  with 
water  regardless  of  expense,  it  is  found  that  t)^  species  of  crop  grown  does  not 
materially  affect  the  depth  of  an  individual  watering,  but  merely  influences  the 
frequency  of  waterings. 

Tbe  depth  of  a  watering  is  determined  by  the  fact  that  the  water  is  cut  off 
wbeo  the  soil  farthest  removed  from  the  point  where  the  water  is  turned  on  to 
the  land  is  seen  to  be  wetted,  or  covered  with  water.  The  extra  depth  given  in 
a  ploughing  watering  is  probably  largely  caused  by  the  fact  that  the  agriculturist 
does  not  cut  off  the  water  imti]  the  clods  have  fallen  in  pieces  through  being 
soaked  in  water.  Possibly  a  desire  to  saturate  the  ground  to  a  certain  depth, 
and  thus  to  render  it  more  easily  ploughed,  may  also  have  some  influence. 

The  depth  of  a  watering  is  therefore  fixed  principally  by  the  time  which  the 
water  takes  to  cover  the  whole  area  of  each  plot  into  which  the  Geld  is  divided. 
During  this  period  the  portions  of  the  ^ot  nearest  to  the  point  where  the  water 
enters  ^e  covered  with  water  which  is  absorbed  by  the  aoiL  Thus,  the  least 
depth  of  a  watering  is  secured  when  the  field  ia  divided  into  very  small  plots, 
each  of  which  is  rapidly  covered  with  wftter.    Finally,  the  smaller  the  isdividnal 
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plots,  and  the  gmater  tbe  rate  of  flow  of  the  water,  the  smaller  is  the  depth 
which  is  needed  over  and  above  the  minimmn  requirements  of  the  crop. 

In  the  case  of  irrigation  from  wells  where  the  cost  of  lifting  the  water  is  the 
chief  expense,  and  the  rate  of  flow  is  but  small,  these  individual  plots  are  nnall, 
and  resemble  flower  beds  rather  than  fields,  being,  say,  i6  feet  x  4  feet  as  a 
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Skbtck  No.  157.— lypcal  Field,  irrigated  from  a  WeU. 


:,  and  50  feetxio  feet  as  a  maximum.  (See  Sketch  No.  157  and 
contrast  with  Nos.  220  and  321.)  Such  small  areas  are  not  advisable  in  canal 
irrigation,  and  in  India  areas  of  i  la  feet  x  5;  feet  are  standard,  the  water  being 
a[^ed  at  a  rate  of  a'3  to  i  cusec,  or  even  more  in  some  cases.  In  fact,  ptactical 
experience  has  taught  all  agriculturists  experienced nn  irrigation  to  make  a  very 
equable  balance  of  the  advant^es  between  an  economy  in  water  seemed  t^ 
dividiag  the  fields  into  small  plots,  and  die  eitn  labour  entailed  in  conttrocting 
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these  plote.  Thus,  on  due  average  (putting  aside  special  methods  employed  for 
valuable  crops),  the  normal  siie  of  a  jdol  in  any  district  bearc  a  very  close 
relation  to  the  oonnal  rate  at  whkh  water  is  applied  in  that  district.  The 
irrigation  engineer  will  probably  consider  that  the  plots  are  too  large,  but  this 
conclusion  will  only  be  arrived  at  by  underestimating  the  value  of  the  labour 
expended  in  making  the  small  banks  sumiunding  the  plots.  1  conEidcr  that  the 
standard  Indian  area  is  a  very  tair  balance  between  an  engineer's  ideal  and 
an  agriculturist's  wish  for  resL  In  countries  where  labour  is  more  valuable, 
larger  plots  will  be  desirable ;  but  the  question  is  very  intimately  connected 
with  the  value  of  the  crop.  The  introduction  of  machine  cultivation  is  at 
present  a  factor  which  tends  to  increase  the  size  of  the  plots,  but  this  is  only  a 
transient  phase  of  the  question.  When  harvesters  are  adapted  to  traverse  the 
irregularities  formed  by  the  ridges  surrounding  the  plots,  and  when  machinery 
is  employed  for  making  these  ridges,  it  will  certainly  be  found  advantageous  to 
decrease  the  size  of  the  plots. 

The  fact  that  the  greater  the  rate  at  which  the  water  is  applied  the  larger  is 
the  average  area  of  the  plots,  causes  the  depth  of  a  watering  to  vary  but  little, 
and  actual  measurements  indicate  the  following: 

Well,  or  lift  irrigation.    015  foot  to  025  foot. 
Canal,  or  flow  irrigation.    0*25  foot  to  0*40  foot. 

As  a  general  rule,  we  may  assume  ploughing  or  other  heavy  waterings  to  be 
o'33  foot  Succeeding  less  heavy  waterings  should  be  taken  as  o'25  foot. 
These  figures  assume  the  presence  of  skilled  irrigators.  Where  the  water  is 
carefully  economised,  such  figures  as  o'lS  foot  for  the  heavy  waterings,  ando'20 
foot  for  the  lighter  ones,  are  attained.  In  careless  irrigation,  such  figures  as 
o"So  foot  for  the  heavy  waterings,  and  040  foot  for  the  lighter  ones,  may  be 
expected,  and  the  waterings  usually  succeed  each  other  at  much  closer  intervals 
than  a  skilled  irrigator  finds  requisite. 

The  temperature  and  other  climatic  conditions  seem  to  have  very  little 
influence  on  the  depth  of  a  watering,  and  the  effect  of  alt  such  conditions  will 
be  found  to  be  amply  allowed  for  by  the  variations  in  the  intervals  between 
successive  waterings. 

In  careless  irrigation,  however,  the  fields  are  not  usually  divided  into  plots, 
and  the  water  is  allowed  to  flow  over  a  large  area,  with  the  result  that  the 
portions  near  entry  of  the  water  are  deeply  saturated,  while  the  further 
boundaries  of  the  field  sufTer  from  a  partial  drought.  Such  methods  are 
advantageous  to  no  one  ;  and,  unless  the  custom  is  extremely  firmly  rooted, 
an  engineer  will  hardly  be  well  advised  to  design  his  channels  with  dimensions 
which  tend  to  indefinitely  prolong  the  practice. 

In  areas  where  a  marked  slope,  or  irregularities  in  the  surface  of  the  soil, 
exist,  an  extra  quantity  of  water  must  be  applied  in  order  to  fill  up  irregularities 
in  the  natural  surface.  This  extra  amount  can  be  estimated  by  levelling  a  few 
sample  fields,  allowance  being  made  for  the  fact  that  the  above  depths  of  water 
are  sufficient  to  submerge  small  irregularities  such  as  clods,  and  furrows,  and 
that  the  extra  depth  now  considered  is  required  merely  to  fill  up  those  de- 
pressions and  irregularities  that  exist  independently  of  agricultural  operations. 

The  above  principles  permit  the  local  duty  of  water  for  staple  crops  to  be 
estimated  with  sufficient  accuracy.  Variations  will  occur  from  year  to  year, 
owing  to  abnortnal  rain-fall  or  temperatures,  but  these  are  incidental  to  all 
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agricultural  operations.  Tbese  irregularities  are  amply  covered  by  tbe  extra 
capacity  of  15  per  cent,  which  is  given  to  the  channels  in  the  triple  canal  project 
(see  p.  637).  In  selecting  the  exact  figure  which  is  to  be  assumed  as  the  doty 
of  the  water,  we  must  of  couree  consider  not  so  much  the  duty  for  the  wfaole 
period  for  which  the  crop  occupies  the  ground,  as  the  greatest  intenaty  rf 
demand  that  occurs  during  the  life  of  the  crop.  The  dimensions  of  the  channel 
are  therefore  finally  calculated  so  as  to  supply  the  average  demand  when  run- 
ning nearly  full  bore,  and  the  most  intense  demand  when  carrying  a  little  less 
than  the  extraordinary  supply. 

For  example,  consider  the  month  of  November,  in  the  Punjab.  Nearly  all 
the  area  irrigated  during  the  cold  weather  receives  a  ploughing  watering.  One 
cusec  therefore  at  the  fields  has  a  duty  of  ——^=180  acres.  Allowing  for 
absorption  in  the  smaller  branches  'of  the  canal,  one  cusec  at  the  head  of  tbe 
distributary  has  a  duty  of  -  -  =  1 50  acres,  say.  Thus,  the  extraordinary  supply 
will  just  permit  [50X  1*25^  137*5  acres  to  be  irrigated  in  the  thirty  days,  fiota  a 
channel  the  full  supply  capacity  of  which  is  one  cusec.  The  period  of  intense 
demand  having  thus  been  tided  over,  the  crops  (unless  assisted  by  showers  of 
rain)  will  require  an  ordinary  watering  every  thirty  days.     Thus,  one  cusec  at 

the  distributary  heads  will  water  --^  -  or  200  acres,  and  the  real  meaning 
of  the  statements  "  Rabi  duty  is  equal  to  200  acres  per  cusec,"  and  *  It  is 
desirable  to  be  able  to  give  an  extraordinary  supply  of  1-25  xordinary  supply," 
become  obvious. 

Allowance  forabnormal  rain-fall  in  the  year  of  observation  may  be  made  by 
the  following  rule  ; 

On  the  average,  every  2  inches  of  extra  rain-fall  occurring  in  casual  showers 
replaces  I  inch  depth  of  water,  as  applied  to  the  fields.  The  figure  is  the 
result  of  an  examination  of  fifteen  years  of  statistics  of  the  duty  and  rain-fall  of 
eight  small  areas  in  the  Punjab,  by  the  method  of  correlation  coefficients.  The 
rule  is  only  an  average  one,  although  the  values  of  the  eight  correlation  co- 
efficients duster  very  closely  (o'4S  to  o'57)  round  the  value  -J-  The  rule 
evidently  does  not  express  the  relative  efficiency  of  rain  and  irrigation  water 
in  supporting  the  life  of  crops  (1  believe  that  rain  is  far  more  efficienl 
than  irrigation  water) ;  but  expresses  the  fact  that  waterings  are  only  given 
when  required,  while  rain  is  equally  likely  to  fall  immediately  after  a  watering, 
when  not  required,  as  at  the  moment  at  which  a  watering  would  othermse  have 
been  given.  In  countries  where  rain  falls  at  fixed,  or  nearly  fired  dates,  or 
when  the  weather  continues  "rainy"  for  periods  comparable  to  the  normal 
interval  between  successive  waterings,  the  principle  laid  down  by  Willcocks 
(see  p.  634)  may  be  considered  as  correct ;  and  in  the  Punjab  I  have  frequently 
heard  old  farmers  speak  of  the  "/Trfw/ar"  Christmas  rains  of  their  youth,  which 
"  were  as  good  as  an  extra  watering."  Nevertheless,  the  expression  laudaiv 
temporis  acti  must  not  be  forgotten  in  this  connection. 

There  remains  one  matter  to  discuss,  namely, — How  far,  and  to  what  degree 
should  an  engineer  in  preparing  his  project  allow  for  methods  of  cultivation 
which  he  knows  are  wasteful  of  water  ? 

The  question  is  a  very  important  one,  for  such  methods  not  only  waste  water, 
but  tend  to  ruin  the  land  by  the  seepage  water  and  alkaline  salts  which  thejr 
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produce.  Wasteful  irrigation  is  consequently  iojurious  not  only  to  the  land,  but 
also  to  the  corporation  supplying  the  water,  and  to  the  whole  community  and 
its  future  interests.  Local  conditions  must  decide  the  question,  but  I  have  no 
hesitation  in  saying  that  the  smalleT  the  latitude  which  is  permitted,  the  better ; 
and  that  an  engineer  who  allows  such  conditions  to  become  permanent  will, 
sooner  or  later,  find  his  employment  gone,  merely  because  irrigation  will  have 
ceased  to  be  profitable,  and  extensions  are  no  longer  required. 

The  worst  cases  (and  also  the  most  skilful  irrigation  in  the  world)  occur  in 
America.  The  publications  of  the  Department  of  Agriculture  (Bureau  of  Soils), 
and  of  the  Geological  Survey  (Reclamation  Service)  will  provide  a  surfeit  of 
evidence.  The  matter,  put  in  a  nutshell,  resolves  itself  into  the  statement  that 
if  wasteful  methods  are  permitted,  the  irrigation  channels  must  be  doubled,  and 
the  drainage  channels  trebled  in  siie. 

These  remarks  must  not  be  taken  as  referrii^  to  the  cultivation  of  such 
crops  as  rice,  or  the  winter  meadows  of  Lombardy.  Rice  needs  from  five  to 
six  times  as  much  water  as  other  crops  grown  in  the  same  climate.  It  also 
requires  drains  in  order  to  carry  off  this  water,  and  its  cultivation  is  therefore 
unlikely  to  produce  alkalinity  unless  such  drainage  is  neglected.  Rice  is  not  a 
crop  to  be  encouraged,  and  in  Lombardy  it  is  not  peimissible  to  grow  it  within 
1 100  feet  of  a  town.  The  flight  of  the  Anopheles  (malaria-carrying  mosquito) 
being  about  200  to  300  yards,  the  object  of  this  old  regulation  now  becomes 
plain.  Winter  meadows,  or  marcile  culture,  are  in  reality  methods  of  keeping 
grass  warm  during  the  winter,  with  a  view  to  fostering  growth  which  would 
otherwise  be  arrested.  Such  methods  dispose  of  water  which  would  otherwise 
run  to  waste,  and  since  they  require  a  well-drained  gravel  subsoil,  they  are  not 
likely  to  cause  water-h^iging ;  but,  nevertheless,  the  first  signs  of  water-logging 
must  be  carefully  looked  for.  Details  will  be  found  in  Saird  Smilii's  Italian 
Irrigation  and  in  Scott  MoncrieiTs  Irrigation  in  Southern  Europe. 

Influence  op  the  Rate  at  which  Water  is  Applied  to  a  Field 
ON  THE  Quantity  of  IVatex  used  in  /xsiCArioN.—'Wheri  water  is 
applied  to  irrigate  an  area  of  land,  what  actually  happens  is  that  the  water 
covers  the  land  to  a  certain  depth  (say  j/,  feet),  and  then  flows  on  to  cover  more 
land.  Now,  over  the  whole  wetted  area  water  is  percolating  into  the  soil.  We 
can  therefore  say  that  if  water  is  applied  at  the  rate  of  Q,  cusecs  ;  then,  at  a  time 
/,  when  an  area  of  A,  square  feet  is  covered  with  water,  we  have  the  following ; 
Qdt^jrdA+pAdt 

where/,  is  the  rate  at  which  water  percolates  into  the  schI  from  the  area  which 
is  already  wetted  by  the  water.    Thus  : 


/=■ 


Q 


Now,  the  irrigation  of  any  plot  of  land  is  not  considered  to  be  complete  until 
all  the  plot  is  wetted.    Thus,  the  time  taken  to  irrigate  a  plot  of  an  area  Ag,  is 

Now,  in  actual  practice/,  may  be  taken  as ^^  *"''  "ai*r  is  absorbed 

by  sandy  fields  at  an  average  rate  of  31  cusecs  per  million  square  feet,  and  by 
loamy  fields  at  a  rate  of  8  cusecs  per  million  square  feet  (see  p.  739). 
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Now,  consider  a  plot  of  6000  square  feet 
usual  in  India.    /Ao="0'o9  cusec. 
Now,  if  there  were  no  absorption  : 


Q/.  -  1000,  o 


1  area,  which  ts  that  which  is 


seconds,  and  the  quantity  used  is  looo  cubic  feet. 


Q,mCasecs. 

is  isCuaecsper 

millioi)  square  feet. 

In  Seconds. 

t„  when  there  is 
In  Seconds. 

Actual  Quantity  used  j 
when  Absorption 
is  taken  into         | 
Acconnt.           1 

>'5 

o'75 
0-50 
0-25 

IS? 

1044 

1411 

500 
666 

1000 
1333 

200O 
4000 

IO20  cubic  feet 

103*         ..          i 

1044 

1058         „. 

1266          "„ 

The  great  increase  in  the  quantity  of  water  used  as  Q,  falls  below  o*;o  cnsec 
mtist  be  noticed,  and  it  is  plain  that  if  z  inches  are  assumed  to  be  an  adequate 
depth,  an  irrigator  who  applies  water  at  the  rate  of  0*25  cusec  only  must  give 
his  crop,  on  the  average,  a  watering  equal  to  z'5  inches.  Under  snch  ciroitn- 
stances,  the  crop  near  to  the  entrance  of  the  water  must  receive  fai  mon  than  it 
needs.  The  case  becomes  still  worse  if  the  irrigator  is  laiy,  and  endeavours  to 
save  labour  in  constructing  watercourses  by  doubling  the  area  of  his  plots.  We 
then  have,  Co  =  1 1,1 1 1  log,  ^^— si  and  with  : 

Q  =  1, /o  =  2100;  or,  the  volume  used  is  220ocubic  feet  in  place  ofjooo  cubic  feet. 
Q  =  o'Si  'o  =  5066 ;  or,  the  volume  used  is  2533  cubic  feet  in  place  of  2000 
cubic  feet. 

The  circumstances  may  at  first  sight  appear  to  be  abnormal,  as  it  is  plab 
that  if  _y  =  I  inch,  the  advantages  of  the  greater  rates  of  flow  are  less 
marked.  The  value^=2  inches  agrees  feirly  well  with  observation,  and  the 
quantities  arrived  at  by  these  calculations  are  confinned  by  accurate  gaugings 
over  triangular  notches  of  the  volumes  actually  applied  to  measured  areas 
by  skilled  irrigators,  who  knew  the  object  of  the  experiments. 

Certain  tests  of  the  quantity  of  water  used  by  agriculturists  in  ordinary 
work  appear  10  agree  better  with  y  =  2-5  to  3  inches.  Under  these  circum- 
stances the  advantages  gained  by  a  rapid  application  of  the  water  arc  of  course 
still  more  marked.  The  experiments  were  mainly  conducted  on  virgin  soil, 
where  heavy  waterings  are  known  to  be  advantageous.  It  is  therefore  believed 
that  the  figures  {ai  y  =  1  inches  best  represent  the  circumstances  when 
measures  are  taken  to  secure  an  economical  utilisation  of  water,  and  irrigation 
is  well  established. 
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Kennedy  and  Ivens  working  independently  on  the  Bnri  Doab  and  Ganges 
canals  came  to  the  experimental  conclodon  that  irrigators  waste  a  large 
proportion  of  the  water  which  they  receive.  The  figures  sre  staitUng.  Out  of 
I  cusec  taken  in  at  the  head  of  the  canal  Kennedy  found  that  the  iirigator 
received  o'53  cuscc,  and  "utilised"  0*28  cusec.  iTens*  figures  were  0*56,  and 
029  cusec  per  \  cusec  taken  into  the  canal  (see  p.  631).  The  efFiciency  of 
Indian  canals  is  probably  higher  at  the  present  date,  since  owing  to  the 
systematic  enfaTcem«nt  of  rules  concerning  the  sizes  of  individual  plots  [see 
p.  732)  the  irrigator  "wastes"  less  water.  It  may,  however,  be  doubted 
whether  the  difference  is  all  "waste."  The  water  saturates  the  soil,  and  is 
probably  to  a  certain  degree  utilised  by  the  crop,  especially  if  this  is  a  deep- 
rooted  plant  such  as  wheat  or  cotton.  Nevertheless,  it  has  been  amply  proved 
that  an  engineer  working  on  methods  deduced  from  a  study  of  absorption  can 
raise  a  better  crop  with  a  less  depth  of  water  than  an  ordinary  irrigator  under 
similar  circumstances. 

The  fact  that  when  an  irrigator  chooses  to  adopt  the  engineer's  methods, 
and  in  addition  utilises  his  agriculturist's  knowledge,  he  produces  a  far  better 
crop  with  less  water  than  the  engineer,  is  a  very  fair  proof  that  the  methods 
are  correct,  however  disappointing  the  result  may  be  to  the  engineer  (see 
Punjab  Irrigation  Branch  Paper  No.  12). 

Hence,  we  may  finally  deduce  the  following  rules. 

The  engineer  should  arrange  Vo  deliver  the  water  to  irrigators  in  as  large  a 
stream  as  they  can  handle.  This  rate  will  depend  upon  the  available  labour,  the 
character  of  the  soil,  and  on  the  general  slope  of  the  country. 

The  irrigator  can  economise  water  by  dividing  his  fields  into  plots  of  an 
appropriate  area,  and  irrigating  each  separately  from  watercourses  so  arranged 
as  to  supply  each  plot  individually  as  in  Sketch  No.  157,  which  also  indicates 
the  extreme  care  a  skilled  irrigator  takes  to  avoid  "uphill"  irrigation  of  the 
individual  plots  (see  also  Sketch  No.  220). 

The  best  rate  at  which  water  should  be  delivered,  and  also  the  appropriate 
size  of  the  plot,  can  be  investigated  mathematically ;  but  the  plan  of  experi- 
ments sketched  on  page  642  will  not  only  settle  these  matters  practically,  but  will 
also  afford  the  engineer  actual  figures  to  justify  his  proposals. 

The  irrigator  can  also  economise  water  By  carefully  smoothing  the  ground 
previous  to  irrigation.  This  is  effected  in  India  by  drawing  a  flat  beam  of 
wood  across  the  newly  sown  ground,  thus  crushing  down  the  clods  and 
irregularities. 

The  special  methods  adopted  in  the  irrigation  of  tobacco,  opium,  gardens, 
or  orchards,  are  hardly  sufficiently  important  to  affect  the  average  consumption 
of  water  over  a  large  area.  Such  special  methods  usually  produce  an  economy 
in  water,  as  only  a  fraction  of  the  area  is  wetted,  and  hence  the  absorption 
during  irrigation  is  reduced. 

Inundation  Irrigation.— 1\i^  figures  connected  with  inundation  irriga- 
tion are  purely  local  in  their  application,  and  cannot  be  determined  by  the 
methods  which  have  been  previously  discussed. 

The  success  or  failure  of  inundation  irrigation  is  settled  by  the  two 
following  conditions : 

(a)  The  amount  of  water  absorbed  by  the  soil. 

(^)  The  mean  temperature  of  the  season  succeeding  the  inundation. 

The  conditions  prevailing  in  Egypt  may  be  considered  as  tyfucal.    The  land 
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should  be  submerged  for  finy  days,  but  in  bad  years  a  submergence  of  six  or 
seven  days  only  may  be  obtained.    A  crop  can  then  be  raised,  but  not  a  good  one. 

The  flood  water  is  drained  off  the  land  from  about  the  lotb  to  the  3Dth 
October,  and  the  crops  are  sown  at  once. 

The  mean  temperature  at  Cairo  is  as  follows : 

October 73'S  d^rees  Fahr. 

November        .  ,  65*3        „        „ 

Decemijer        ■  58 -i        „         „ 

January 55-1         „  „ 

February 567        „        „ 

March 73'4       „         „ 

The  crops  grown  during  these  months  are  those  cultivated  in  Temperate 
climates.  It  is  quite  plain  that  if  the  mean  temperature  were  materially  less 
than  the  above  figures,  no  crop  could  be  grown  on  account  of  the  cold.  So 
also,  if  the  temperature  were  such  as  to  favour  the  cultivation  of  Tropical  crops, 
it  is  open  to  doubt  as  to  whether  the  saturation  produced  by  one  inundation 
would  suffice  to  mature  such  crops  unless  the  soil  was  unusually  retentive,  and 
the  flood  was  of  long  duration.  Thus,  pure  flood  irrigation  requires  a  some- 
what nicely  adjusted  relationship  between  the  duration  and  depth  of  the  flood, 
and  the  mean  temperature  of  the  season  which  succeeds  the  flood.  If  the 
question  is  ever  considered  in  practice  the  publications  of  the  U.S.  Department 
of  Agriculture  give  useful  information  concerning  the  mean  monthly  temperatures 
required  for  healthy  growth  of  cultivated  plants. 

The  average  depth  of  flooding  in  Egypt  is  3-30  feet  (i  metre).  Depths 
exceeding  3  metres  do  not  occur,  apparently  owing  to  the  cost  of  the  banks 
required  to  retain  the  water  ;  and  a  flooding  of  less  than  t  '6  feet  (o'5  metre]  is 
considered  injurious.  The  figures  are  considerably  aflected  by  such  questions 
as  the  quantity  of  silt  in  the  water,  and  the  permeability  and  reteativcness  of 

In  some  Indian  examples,  where  the  banks  of  a  reservoir  are  cultivated  as 
the  water  is  drawn  off,  good  crops  arc  raised  if  the  land  is  only  covered  to  a 
depth  of  6  inches  for  ten  days.  In  these  cases,  the  subsoil  water  level  is  but 
slightly  below  the  surface,  and  the  crops  usually  receive  one  or  even  two 
waterings  by  lift  from  the  reservoir,  or  from  the  subsoil  water,  towards  the  end 
of  their  growth. 

Design  of  Irrigation  Works.— As  will  later  appear,  the  logical  method 
of  designing  an  irrigation  system  Is  from  the  tail  upwards.  The  preparation  of 
a  large  project  is,  however,  only  likely  to  be  undertaken  by  engineers  who 
have  some  experience  of  irrigation  work. 

The  usual  work  of  an  engineer,  or  designer,  is  concerned  with  the  design  of 
structures  of  which  the  main  dimensions  are  already  determined.    Thus,  it  ■ 
seems  best  to  describe  and  consider  the  rules  for  the  design  of  irrigation  works 
in  the  order  in  which  the  water  flows  down  the  channel.     I  shall  therefore 
describe  : 

(i)  The  diversion  weir  and  headworks  of  a  canal. 
(ii)  The  escapes. 

(iii)  The  aqueducts,  syphons,  and  other  works  required  to  dispose  of 
drainage  water. 
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(iv)  Bridges  and  other  accessary  works.  1 

(v)  The  head  regulators  of  branch  canals. 

(vi)  Falls  and  rapids. 

(vii)  The  preliminary  design  of  a  branch  canal, 
(viii)  The  final  design  of  a  distributary. 

The  question  of  silt  arises  in  neariy  all  these  structures,  and  is  treated 
incidentally ;  but  a  special  section  is  devoted  to  silt  problems. 

Buckley's  Irrigation  Works  and  Wilson's  Irrigation  Engineering  contain 
numerous  detailed  plans  of  individual  works.  Bligh's  Design  of  Irrigation 
Works  (second  edition)  is  almost  indispensable.  I  have  been  forced  to 
criticise  some  of  Bligh's  ideas  rather  closely,  but  am  in  fiill  agreement  with  at 
least  95  per  cent  of  the  book.  I  would,  however,  state  that  I  believe  some  of 
the  hydraulic  coefikients  adapted  arc  rather  h^h  if  appUed  to  the  small  works 
that  a  young  engineer  will  usually  design.  For  large  works  such  as  occur  in 
India  they  are  excellent 

The  sections  of  works  that  I  give  must  be  considered  as  illustrating 
principles  rather  than  the  best  available  examples.  1  have  also  endeavoured 
as  far  as  possible  to  select  only  works  I  have  personally  examined.  Engineers 
unacquainted  with  local  conditions  should  bear  in  mind  that  Indian  materials, 
especially  bricks  and  mortar,  are  at  the  best  only  second  class  material  when 
judged  by  British  standards.  £gyptia.n  materials  are  better,  but  Egyptian 
irrigation  is  still  directed  by  Indian -trained  engineers,  and  I  believe  this 
influences  the  designs  very  materially.  As  an  endeavour  to  sum  up  a  very 
complex  matter  I  would  state  that  1  believe  the  area  of  most  of  the  designs 
shown  is  not  excessive,  but  that  given  good  material  some  of  the  thicknesses 
might  be  reduced.  American  designs  if  carefully  tested  for  weak  details  are 
probably  safe,  and  such  material  aft  I  have  seen  is  usually  good. 

Relationship  between  the  Design  of  Hydkaulic  Works,  and 
THEIR  Maintenance. —This  subject  is  of  most  importance  in  connection  with 
earthen  channels  and  natural  rivers.  The  principles,  however,  are  applicable 
in  connection  with  all  hydraulic  constructions.  The  matter  is  discussed  in 
regard  to  irrigation  works,  because  the  penalty  of  neglect  then  becomes  most 
noticeable.  The  general  principles  may  be  summed  up  in  two  sentences,  as 
follows  : 

The  formation  of  vortices,  or  irregular  currents,  should  be  avoided.  Pre* 
ventive  methods  are  both  cheaper  and  more  effective  than  repairs. 

The  first  principle  is  very  well  illustrated  by  the  &cts  given  on  page  719  when 
discussing  the  pitching  of  rapids.  It  is  there  shown  that  those  rapids  which 
cause  the  least  trouble  have  smooth  pitching,  and  that  this  smoothness  has 
been  attained  by  intelligent  maintenance.  So  also,  the  Punjab  type  of  fall  (if 
carefully  considered)  is  plainly  designed  with  a  view  to  preventing  the  forma- 
tion of  vortices,  or  whirls.  These  illustrations  arefthe  more  striking  when  the 
history  of  the  development  of  the  types  now  adopted  is  known. 

The  present  designs  are  then  seen  to  be  the  outcome  of  long  experience  by 
engineers  who  were  obliged  to  study  the  cost  of  maintenance  very  carefully, 
and  whose  improvements  were  severely  criticised  In  the  light  of  theories  based 
on  the  idea  that  "  the  energy  of  the  falling  water  should  be  dissipated  in  boils 
and  whirls."  It  is  almost  amusing  to  read  the  struggles  made  by  various  chief 
and  superintending  engineers  in  order  to  obtain  a  "boil"  sotdewhere,  and  the 
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equally  strenuous  emjeavours  on  the  part  of  the  men  who  have  inspected  the 
damage  to  get  these  "  boil  "-producing  angles  titled  in  with  concrete  or  cheap 
rubbish.  It  may  be  said  that  the  theory  is  still  alive,  and  that  the  present 
designs  are  accepted  only  because  they  do  their  work  so  well  that  the  theoiists 
are  not  often  given  an  opportunity  to  criticise. 

The  present  American  designs  for  overflow  dams  betray  the  same  enttrs. 
The  usual  idea  is  that  the  "rough  masonry  of  the  ogee,  or  other  curve,  breaks 
the  falling  water  into  foam."  The  statement  is  correct,  and  the  breaking  up 
process  does  no  one  any  harm,  because  the  face  stones  i^  a  well-made  dam  are 
very  lai^e,  and  are  very  firmly  fixed  in  comparison  with  the  thin  sheets  of 
water  that  they  break  up.  The  falling  sheet  of  water,  however,  usually  arrives 
at  the  bottom  of  the  dam  not  as  foam  (unless  it  is  a  thin  sheetX  but  as  a  mass 
of  whirling  water,  which  can  and  does  scour  out  pebbles  and  sand.  The  water 
cushions  which  are  sooner  or  later  constructed  below  every  "i>verflow"dam 
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Sketch  No.  ijS. — 9-Feet  Ogee  Fall. 

that  normally  acts  as  an  overflow,  show  the  correct  method  of  dissipating  the 
energy  of  the  fall  (i.«.  not  by  friction  of  water  on  stone  or  earth,  but  by  friction 
of  water  on  water).  It  is  quite  probable  that  better  results  could  be  obtained 
by  carefully  dressing  the  masonry  to  d  smooth  surface,  were  it  not  that  this 
class  of  work  is  expensive. 

Thus,  we  may  consider  that  the  ordinary  rough-snrfiiced  OT'erflow  dam  a 
successful  only  because  the  dam  is  strong  enough  to  resist  the  shocks  caused 
by  the  falling  water  without  material  damage.  It  is  also  doubtful  whether  the 
usual  overflow  dam,  even  when  consinicted  of  first  class  material,  would  prove 
satisfactory  if  it  were  continually  acting  as  an  overflow.  A  proof  of  this 
statement  is  difficult,  but  my  list  of  dam  failures  includes  what  is  appaiently  an 
excessive  proportion  of  overflow  dams  which  retained  volumes  of  water  which 
were  small  in  comparison  with  the  annual  discharge  of  the  stream  supplying 
the  reservoir.  The  list  does  not  pretend  to  be  a  complete  one,  and  thei^ioie 
the  suggestion  is  put  forward  with  diffidence.    The  Austin  dam  failure  (see 
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pp.  346  and  394}  may  be  taken  as  an  example.  In  this  case  the  foundations 
appear  to  have  been  naturally  weak,  and  although  the  failure  can  be  explained 
without  any  assumption  of  damage  by  the  action  Of  the  overflowing  water,  it  is 
known  that  some  damage  had  occurred. 

Similarly,  the  Habra  dam  (see  p.  372)  was  also  greatly  subject  to  overflow, 
and  though  its  working  stresses  were  no  doubt  high,  they  were  not  so 
abnormally  high  as  to  necessarily  produce  failure,  independently  of  overflow 
action. 

The  old  ogee  falls  (see  Sketch  No.  1 58),  which  were  constructed  of  second- 
rate  brickwork,  had  to  be  made  smooth  to  prevent  their  destruction.  Id 
consequence,  the  energy  was  dissipated  downstream  of  the  masonry,  and  the 
scour  boles  thus  produced  sooner  or  later  undermined  the  masonry  work  of  the 
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Sketch  No.  159.— Plan  of  Bell's  Training  Dykes. 

fell.  The  raised  sills  and  steps  indicated  in  the  sketch  show  various  methods 
that  were  tried  in  the  hope  of  producing  a  better  design.  These  are  evidently 
first  steps  towards  the  modem  water  cushion,  but  the  angles  are  evidently 
inadvisable  as  tending  to  produce  boils. 

Bell's  training  dykes  (see  p.  667)  show  a  very  logical  development  of  the 
correct  principles.  The  large  scale  plans  of  such  training  works  {t.g:  Sketch 
No.  ijg)  show  the  manner  in  which  the  principle  is  applied.  Nevertheless,  it 
is  found  that  the  principle  can  be  carried  still  further  with  advantage.  The 
banks  are  faced  with  two  or  three  feet  of  rubble  stone,  and,  according  to  the 
usual  theories,  this  should  be  laid  so  as  to  present  a  rough  surface  to  the  river. 
In  practice,  however,  experience  shows  that  a  smooth  face  is  advantageous, 
and  Bell  recommends  t'hat  not  only  should  the  rubble  be  hand-packed  to  a 
eaiootli  fac«,  bat  that  where  possible  the  stone  should  be  sdected  so  as  to 
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assist  in  obtaining  a  markedly  smooth  face.  When  it  is  realised  that  some  of 
these  training  works  consume  rubble  stone  in  quantities  of  lo,  to  20  millioD 
cubic  feet  and  more,  it  will  be  plain  that  the  advantages  secured  must  be  very 
considerable  in  practice. 

Kanthak  applied  the  principle  at  Madbupur.  The  conditions  piev^ling  at 
Madhupur  are  discussed  00  page  662.  When  submerged  during  floods  the 
training  dykes  are  exposed  to  an  intense  erosion  from  water  carrying  boulders 
with  velocities  exceeding  20  feet  per  second. 

The  old  design  for  the  narrow  crests  and  rough  slopes  of  such  dykes  19 
shown  in  Fig.  i.  Sketch  No.  i6q,  Fig.  2  shows  the  broad  crest  with  smtxXta 
slopes  introduced  by  Kanthak.  The  improvement  has  produced  a  material 
saving  in  maintenance  costs. 

The  above  applications  are  concerned  with  water  which  moves  at  high 
velocities,  but  equal  advantages  result  when  earth  channels  which  carry  water 
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Sketch  No.  160. — Crests  o(  Submerged  Trainii^  Dykes. 

at  velocities  of  2,  or  3  feet  per  second  are  considered.  Thus,  in  Sketch  No. 
161,  ABCDEF  represents  the  banks  of  a  canal  as  constructed,  and  GHKL,  the 
section  of  the  channel  as  calculated  from  the  designed  bed  slope,  and  the 
discharge  of  the  channel. 

At  first  sight  it  would  appear  legitimate  to  leave  matters  to  Nature,  and  to 
expect  that  the  extra  area  will  silt  up  more  or  less  rapidly.  As  a  matter  of  fact, 
a  reach  of  this  character  is  usually  a  source  of  trouble  as  scour  very  often  sets 
up  b  the  normal  sized  reaches,  either  above,  or  more  generally  below  the 
enlarged  reach,  or  tank.  In  some  cases  (usually  in  canals  which  have  curved 
reaches  near  this  "  tank  ")  no  silt  is  deposited  in  the  tank.  The  troubles  aie 
easily  cured  by  a  series  of  brushwood  profiles,  outlining  the  section  GHKL  (at 
say  every  1000  feet  length  of  the  tank,  for  a  tank  jo  feet  wide,  and  in  proportioo 
for  narrower  tanks).  The  expenditure  is  well  repaid  by  the  deposit  of  silt  which 
occurs,  and  strengthens  the  banks.  Once  silting  has  begun,  any  signs  of  the 
channel  meandering  between  the  banks  AB,  and  £F,  should  be  carefully 
watched  for ;  and  should  be  stopped  by  the  removal  of  excrescences,  and  by 
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placing  smallt  partial  profiles  of  brushwood  across  any  roaHced  beods  that  may 
tend  to  form  (see  Sketch  No.  219).  The  matter  is  of  practical  importance,  as 
in  many  cases  the  natural  soil  is  so  tender  chat  breaches  continually  occur  until 
a  good  berm  of  silt  has  been  deposited. 

The  two  lower  figures  of  No.  161  show  the  application  of  similar  principles 
to  stone  training  banks  (or  channel  protiles)  below  falls  and  rapids  (sec  p.  721). 

On  well-maintained  canals  (say  ten  or  fifteen  years  old),  all  the  channels 
will  be  found  to  be  built  up  of  silt,  the  water  flowing  on  beds  and  between 
berms  of  silt.  The  future  existence  gf  such  conditions  should  be  kept  in  mind 
when  designing  a  canal.  In  fact,  the  existence  of  silt  in  a  water  may  be 
reg;arded  as  a  favouiabie  circumstance,  provided  that  the  laws  of  the  disposi- 
tion of  silt  and  the  proper  proportions  of  the  channels  are  carefully  studied,  and 
that  the  results  are  utilised  in  schemes  for  maintenance.  A  good  engineer 
should  be  able  to  modify  the  grades  and  levels  of  the  distributary  system  at  a 
very  small  cost  by  such  means  as  temporary  dams  which  slowly  raise  the  water 
level  in  reaches  where  the  banks  are  weak.    Thus,  in  one  particular  case  1  found 
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that  it  was  possible  to  silt  up  and  raise  the  bed  and  water  level  of  a  channel 
which  proved  to  be  loo  low,  at  the  mte  of  2  feet  a  year.  So  also,  the  card\il 
working  of  a  fall,  or  of  a  regulator,  will  permit  a  permanent  local  drop  in  the 
water  surface  to  be  obtained  by  scouring.  This  is  often  advisable  where 
drainage  questions  have  become  acute,  but  careful  arrangements  should  be 
made  for  disposing  of  the  silt  which  is  thus  set  in  motion. 

RiciHE. — The  term  r^ime  of  a  river  or  canal  is  used  as  a  convenient 
expression  for  the  adjustment  which  exists  between  the  site  and 
of  the  channel  and  its  mean  discharge.  Thus,  a  reach  of  a  river,  t 
is  said  to  be  in  good  or  permanent  regime  when  the  river  does  n 
attack  its  banks,  or  does  not  scour  out  or  deposit  silt  in  its  bed,  ev 
it  is  known  that  the  individual  particles  which  form  the  bed  and  banks  of  the 
river  are  in  rapid  motion  downstream.  The  regime  is  considered  to  be  bad 
if  the  banks  are  continually  attacked,  or  if  large  quantities  of  silt  are  deposited 
in,  or  are  scouted  out  of  the  channel. 

.  The  terms  good  and  bad  are  obviously  relative.  A  canal,  say,  50  lieet  in 
width,  can  batdly  be  considered  to  be  in  first  class  regime  unless  its  actual  cross- 
section  agrees  with  the  designed  cross-section  to  within   a  foot  or  so;  and 
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reaches  which  are  designed  to  be  straight  should  not  diverge  mare  than  two  or 
three  feet  from  a  straight  line.  In  a  large  torrential  river,  however,  the  r^fhne 
is  considered  to  be  permanent  unless  the  services  of  a  special  pilot  are  required 
when  navigating  the  river. 

The  regulation  of  an  irrigation  system,  or  of  a  river,  is  a  convenient 
expression  for  the  control  which  the  engineer  in  charge  has  over  the  water  level, 
and  for  the  methods  by  which  this  control  is  obtained.  Thus,  in  the  Punjab 
the  water  level  in  the  remotest  branches  of  a  large  system  can  be  predicted 
(accidents  apart)  to  a  tenth  of  a  foot,  and  alterations  of  three  or  four  feet  can  be 
effected  in  a  period  not  greatly  exceeding  the  time  cequirsd  for  the  water  to 
travel  from  the  head  of  the  canal  to  the  desired  point.  In  a  well-regulated 
river  (flood  time  excepted),  the  water  levels  can  generally  be  adjusted  nearly  as 
accurately.  Whereas,  in  natural  unregulated  streams,  the  water  level  eotifdf 
depends  upon  the  quantity  of  water  which  may  be  flowing  down  the  stream 
channel. 

Hkadworks. — The  term  headworks  forms  a  convenient  expression  for  the 
structures  required  to  divert  water  from  a  river  into  a  canal. 

The  ratio  in  which  the  total  volume  of  water  passing  down  a  river  is  divided 
between  the  natural  river  channel  and  a  canal  taking  out  from  the  river,  is 
obviously  dependent  upon  the  slopes  and  relative  levels  of  the  water  surface 
in  the  river  and  the  beds  of  the  river  and  of  the  canal.  In  some  cases,  the 
canal  can  be  so  graded  that  this  natural  division  of  the  volume  discharged  by 
the  river  sufBces  to  supply  the  canal  with  all  the  water  that  is  required. 

We  thus  get  the  simplest  class  of  headworks,  where  neither  the  canal  nor 
the  river  ace  in  any  way  controlled,  and  where  the  canal  takes  the  water  that 
it  can  get.  Such  works  suffice  in  many  cases,  especially  when  the  irrigation 
is  effected  by  inundation,  and  the  river  rises  in  high  flnod  at  more  or  less  fixed 
periods  of  the  year.  The  risks  of  a  partial  failure  are  obvious  ;  and,  as  a 
general  principle,  this  method  of  securing  a  supply  of  water  is  only  successful 
when  the  river  floods  are  very  regular  in  occurrence,  and  are  in  most  cases 
produced  by  melting  snow.  Typical  examples  are  found  in  the  basin  irrigation 
of  the  Nile,  and  in  the  inundation  canals  of  Northern  India. 

The  natural  method  of  securing  a  more  certain  supply  of  water  is  to  grade 
the  canal  at  so  low  a  level  that  the  desired  supply  can  be  secured  at  all  seasons 
of  the  year.  It  is  then  usually  found  that  the  natural  division  of  the  river 
discharge  will  generally  give  the  canal  more  water  than  is  required.  Thus,  a 
head  regulator,  or  line  of  movable  gales,  is  constructed  across  the  canal ;  and 
by  partially  closing  these  gates  the  excess  of  water  can  be  diverted  down  the 
river.  This  method  is  frequently  found  to  be  entirely  satisfactory  and  will 
then  probably  prove  to  be  the  cheapest.  If,  however,  the  river  flows  in  alluvial 
soil,  or  if  the  bed  is  liable  to  shift  to  any  extent,  trouble  may  occnr  in  the 
course  of  time,  arising  from  the  "  retrogression  of  levels."  This  term  expresses 
a  slow  alteration  in  the  level  of  the  river  bed,  which  may  lead  to  the  formation 
either  of  a  "  deep "  in  front  of  the  canal  head,  and  a  consequent  difiBcnlty  in 
securing  the  required  supply  1  or  less  frequently  to  a  "shallow"  or  bank  which 
may  choke  the  canal  with  deposits  of  sand  or  gravel.  These  difficulties  can 
usually  be  surmounted  by  farming  a  bar  across  the  river.  Typical  sections 
of  such  bars  are  shown  in  Sketches  No.  162  and  Fig.  i  No.  i8ol  The  river 
works  are  comparatively  simple,  and  the  method  should  be  adopted  in  all  cases 
where  the  excavation  of  the  low-level  canal  does  not  prove  too  costly  (see  p.  684). 
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In  the  majority  of  cases,  however,  especially  when  the  full  su[^ly  discha^e 
of  the  canal  is  of  about  the  same  maifnitude  as  the  law  water  discharge  of  the 
river,  such  a  design  would  necessitate  a  very  costly  canal,  and  an  enormous 
canal  head  regulator,  in  order  to  keep  the  river  out  of  the  canal  during  floods. 
The  canat  is  therefore  graded  at  a  relatively  higher  level,  and  it  becomes 
necessary  to  raise  the  water  level  of  the  river  by  a  weir  or  dam,  in  order  to 
force  the  desired  supply  into  the  canal  during  low  water  seasons.  This  is  the 
typical  foim  assumed  by  headworks,  and  will  be  discussed  at  length. 

The  following  general  principles  are  obvious.  The  height  of  the  dam  may 
vary  from  a  small  quantity,  such  as  i,  or  3  feet,  up  to  \\o,  or  3oo  feet ;  and  the 
higher  dams  are  plainly  not  only  diversion  works,  but  permit  a  certain  volume 
of  water  to  be  stored  up.  We  are  thus  led  to  regard  a  tank  or  reservoir 
irrigation  system  merely  as  a  development  of  the  more  usual  river  diversion 
system  of  irrigation. 

The  obstruction  produced  by  the  dam  or  weir  encourages  the  deposit  of 
silt  at  or  near  to  the  canal  head.  Therefore,  unless  the  river  carries  very  clear 
water,  the  weir  must  be  provided  with  scouring  or  undersluices  for  the  removal 
of  sih.    This  question  will  be  treated  tn  detail  later  on. 


Skbtcu  No.  ifia. 


The  level  of  the  canal  bed  or  sill  of  the  head  regulator  must  be  sufficiently 
below  the  highest  level  to  which  the  river  surface  can  be  raised  to  permit  the 
full  supply  of  the  canal  to  be  ftM'ced  into  it  when  the  discharge  of  the  river  is  at 
its  minimum.  On  the  other  hand,  any  marked  elevation  of  the  river  level 
during  floods  is  unnecessary,  and  necessitates  a  larger  head  r^ulator,  and 
may  cause  damage  to  the  weir.  Thus,  a  certain  portion  of  the  rise  in  the 
rivet  level  should  be  produced  by  movable  dams,  or  shutters.  The  calcula- 
tions are  simple,  but  the  requisite  information  is  usually  deficient. 

Let  us  first  consider  the  flood  discharge  Qf. 

The  term  "  afllux"  is  used  lo  denote  the  difference  between  the  high  'flood 
levels  upstream  and  downstream  of  the  .weir. 

The  fixed  portion  of  the  weir  must  be  at  such  a  level  and  of  such  a  length 
that  when  the  weir  and  undersluices  are  passing  a  discbarge  Q/,  the  afflux  is 
not  so  great  as  to  cause  serious  flooding,  or  to  overtop  the  canal  regulator,  or 
the  training  banks  upstream  of  the  weir.  The  appropriate  coefficients  of 
discharge  of  the  weir  and  the  undersluices  are  discussed  on  pages  132  and  16S. 
As  a  rule,  the  various  upstream  works  are  designed  so  as  to  be  4,  or  5  feet 
above  the  calculated  afflux  level  when  the  downstream  high  flood  level  is 
assumed  to  be  the  maximum  observed  before  the  weir  was  constructed. 
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Consider  the  low.water  season,  and  let  Qi,  represent  the  manmtnn  capacity 
of  the  canal. 

Then,  the  relative  levels  of  the  sill  of  the  head  regulator  and  of  the  top  of 
the  movable  portion  of  the  dam  must  be  such  as  to  permit  Qi,  to  be  forced 
into  the  canal.  In  this  calculation  an  allowance  for  possible  obstrtiction  of  the 
canal  by  silt  deposits  must  be  made.  The  sill  level  and  the  discharge  capacity 
of  the  undersluices  are  determined  by  their  object  in  scouring  out  silt  deponts. 
The  question  therefore  entirely  depends  on  the  average  silt  content  in  die 
water.  General  rules  cannot  be  given,  but  the  principles  are  discussed  in 
detail  on  pages  695  and  700. 

TTie  accurate  determination  of  the  proportions  and  relative  levels  of  the 
weir,  the  undersluices,  and  the  canal  head  regulator,  can  therefore  only  be 
arrived  at  by  a  series  of  trial  estimates  of  the  cost  of  the  whole  headworks,  and 
of  the  first  reach  of  the  canal  (so  far  as  the  cost  of  this  work  is  affected  by  its 
bed  level).  It  is  doubtful  whether  the  preliminary  studies  of  the  discbarge  of 
the  river  are  ever  sufficiently  extensive  to  permit  a  really  accurate  solntion 
to  be  arrived  at.  The  designer  should,  however,  in  all  cases  know  the  relative 
costs  entailed  by  such  operations  as  "raising  the  weir  level  one  foot,"  "ex- 
cavating the  canal  bed  one  foot  deeper,"  and  the  "  unit  costs  of  an  extta  let^tb 
of  imdersluices,  or  head  regulator,"  etc 

The  river  training  works  which  usually  accompany  headworks  are  so 
entirely  dependent  on  local  circumstances  that  no  general  treatment  <A  the 
question  can  be  attempted- 

WorUuf  of  a  River  for  Irr^ation  Purpose*,— The  subject  which  it  is 
proposed  to  discossln  this  section  is  one  which  has  received  but  little  attention, 
and  that  almost  entirely  of  an  unsystematic  nature. 

Its  nature  and  principles  are  best  defined  by  a  series  of  examples,  and  1 
must  at  once  state  that  the  theories  set  forth  should  not  be  considered  as  any- 
thing more  than  suggestions.  My  only  justification  for  publishing  them  is  the 
feeling  that  some  one  must  take  the  first  step ;  and  the  more  searching  the 
criticism  aroused,  the  more  satisfied  I  shall  feel. 

The  leading  principle  is  as  follows  : 

When  a  liver  is  utilised  for  irrigation,  large  volumes  of  water  are  drawn 
off,  and  the  whole  regime  is  altered,  usually  for  the  worse.  It  is  only  very 
rarely,  however,  that  the  demands  for  irrigation  or  power  are  so  intense  that 
the  entire  flow  of  the  river  is  diverted.  Thus,  if  the  canal  is  provided  with  a 
regulator,  or  head  sluices,  and  if  the  river  is  blocked  by  a  w^r  with  a  movable 
crest  or  sluices  (preferably  both),  it  is  possible  to  exercise  a  certain  amomit 
of  judgment  in  selecting  the  water  which  is  taken  into  the  canal,  and  in 
disposing  of  the  surplus  water  passed  down  the  river. 

The  primary  object  of  this  selection  is  to  keep  silt  out  of  the  canal  as  far  as 
consistent  with  the  correct  performance  of  the  duly  for  which  the  canal  is 
constructed.  This  is  of  course  best  effected  by  the  rejection  of  all  water  which 
is  heavily  silted,  and  by  taking  an  excess  of  clear  water  into  the  canal  for 
scouring  purposes  whenever  jwssible.  This  side  of  the  question  has  been 
frequently  discussed,  and  is  fairly  well  understood.  The  advantages  obtained 
by  a  correct  system  for  disposal  of  the  surplus  water  in  the  river  af^  the 
requirements  of  the  canal  have  been  satisfied  are  less  well  known,  and  it  is 
proposed  to  discuss  the  principles  of  "working"  a  river,  and  its  canal,  with 
this  object. 
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The  methods  at  present  employed  are  best  illustrated  by  examples.  It  is 
believed  that  a  study  of  these  methods  will  prove  useful  not  only  in  the 
working  of  existing  canals,  but  also  in  the  design  of  the  weirs  and  the  head 
regulators  of  new  canals. 

Working  of  a  River  curyiug  Sand  only.— I  select  the  Sirhind  canal  as  an 
example.  This  cana!  takes  out  from  the  Sutlej,  at  Rupar  (Punjab).  The 
river  at  this  point  has  a  slope  of  -^^t  the  maximum  ^scha^e  is  130,000  cusecs 
approximately,  and  the  minimum  recorded  is  2818  cusecs. 

The  canal  can  carry  6000  cusecs  and  has  a  slope  of  g^^g  ;  and,  as  a  general 
rule,  it  may  be  said  that  the  river  is  completely  diverted  into  the  canal  for 
about  two  months  (usually  January  and  February)  each  year.  Sketch  No.  163 
shows  the  general  arrangement  of  the  weir,  undersluices,  and  regulator. 

From  1893  to  1898  large  quantities  (amounting  to  as  much  as  19*6  million 
cubic  feet  in  five  months  in  the  year  1899,  while  deposits  of  4  million  cubic  feet 


Sketch  Na  163.— Plui  of  Sirhind  Hetdworks. 

in  10  days  were  not  unusual)  of  sandy  sill  were  deposited  in  the  head  reaches  of 
the  canal,  especially  in  the  first  twelve  miles  (the  above  figures  referring  to 
deposits  in  this  length  only).  Matters  became  so  bad  that  in  1893  a  total 
failure  of  irrigation  was  apprehended,  and  it  was  only  by  taking  in  quantities 
of  water  greatly  in  excess  of  what  was  really  required  for  irrigation,  and  wasting 
these  at  an  escape  of  twelve  miles  below  the  head,  that  the  canal  was  kept  in 
a  more  or  less  workable  condition  (see  Sketch  No.  198). 

A  study  of  the  available  records  leads  me  to  believe  that  during  the  early 
portion  of  this  period  it  was  thought  that  the  path  of  salvation  lay  in  taking  tn 
all  the  water  available  up  to  the  full  capacity  of  the  canal,  and  rejecting  the 
lurplus  which  was  not  required  for  irrigation,  by  means  of  the  escape. 

After  long  and  systematic  studies  of  the  size  of  the  silt  (see  p.  758)  it  was 
realised  that  the  trouble  was  caused  by  the  coarser  sand,  and  the  sill  of  the 
regulator  was  consequently  raised  (see  Sketch  No.  164). 
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Thus,  in  1894,  the  following  remedies  were  adopted  (see  Kennedy,  Punjab 
Irrigation  Papers,  No.  9) ; 

I.    The  capacity  of  the    escape  was    increased    from  2000  to  about 

II.    The  canal  was  closed  down  during  heavy  floods. 

III.  The  divide  wall  AB  (see  Sketch  No.  163)  was  constructed  so  as  to 

form  a  pond  or  silt  trap,  which  was  occasionally  scoured  out 
through  the  undersluices. 

IV.  The  regulator  sill  was  permanently  raised  to  the  extent  of  7  feat 

above  the  floor  of  this  pond,  and  was  provided  with  a  movable 

sill  which  could  be  raised  still  higher  when  the  level  of  the  water 

in  the  river  permitted. 

The  first  two  ideas  are  excellent,  and  should  be  adopted  where  possible. 

In  this  particular  case  clear  water  is  a  rarity,  and  could  only  occasionally  be 

passed  out  through  the  escapes,  as  the  demand  for  irrigation  in  the  clear  water 
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Sketch  No.  164.— Rjused  SiU  of  Sirtiind  Reguktot. 

season  is  acute.  The  use  (A  the  silt  grader  not  being  thoroughly  tuderstood, 
the  canal  was  often  unnecessarily  shut  off  simply  because  the  water  looked 
muddy  (see  p.  763). 

The  third  idea  is  also  good,  but  its  futi  advantages  were  not  obtained 
because  the  surplus  water  in  the  river  was  passed  off  through  the  undersluices, 
Le.  close  to  the  canal  head  or  regulator  The  silt  trapped  in  front  of  the 
regulator  was  thus  stirred  up,  and  fresh  silt  was  brought  into  and  deposited  in 
the  silt  trap.  Consequently,  the  raised  sill  had  but  little  effect,  for  the  silt 
grading  experiments  clearly  show  that  the  disturbance  produced  by  the  water 
entering  the  regulator  was  sufficient  to  lift  silt  of  all  grades  up  to  ^,  over  the 
raised  sill,  if  such  silt  lay  on  the  river  bed  outside  and  near  to  the  silt.  This 
being  about  the  coarsest  grade  of  silt  which  the  river  carries,  the  raised  sill 
(although  excluding  a  certain  fraction  of  the  coarser  sill)  was  not  capable  of 
keeping  detrimental  bed  silt  outside  the  canal  unless  all  silt  which  was 
sufficiently  coarse  to  deposit  in  the  canal  was  dropped  in  the  river  bed  before  it 
reached  the  pond  or  "  silt  trap  "  in  front  of  the  regulator. 

The  above-mentioned  methods  somewhat  ameliorated  conditions,  but  it  was 
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not  until  1901  that  the  fina]  and  most  important  remedy  was  introduced.  This 
was  simple,  but  it  fonns  the  keynote  of  the  working  of  all  rivers  which  carry 
sand  only. 

The  surplus  water  was  systematically  diverted  as  far  as  possible  from  the 
regulator,  and  was  passed  off  by  dropping  the  shutters  at  the  far  end  C,  of  the 
w«ir  (sec  Sketch  No.  163). 

The  principle  is  to  prevent  any  sand  (mud,  since  the  canal  velocity  will  carry 
it  forward,  does  not  matter)  from  reaching  the  vicinity  of  the  regulator.  At 
first  sight  it  will  appear  that  this  method  must  finally  cause  the  area  ABY  to 
silt  up  solid.  This  is  avoided  by  systematically  sounding  this  area  ;  and,  when 
necessary  (usually  about  once  a  month  in  the  low  water  season),  closing  the 
canal  completely  for  34  hours,  and  passing  the  whole  flow  of  the  river  through 
the  undersiuices.  The  regulator  and  the  undersluices  are  never  opened 
simultaneously.  The  effect  is  excellent.  In  the  eight  years  from  1S93  to  1900, 
the  mean  yearly  quantity  of  silt  deposited  in  the  canal  during  the  silting 
periods  and  removed  during  the  clear  water  periods  was  137  million  cubic  feet. 
In  the  fiT^t  four  years  (1901  to  1904),  after  the  adoption  of  this  principle,  the 
average  deposit  was  3*9  million  cubic  feet.  The  amount  of  silt  that  per- 
manently remains  in  the  canal  is  now  about  i'6  million  cubic  feel,  correspond- 
ing to  a  mean  depth  of  o'li  foot,  which  is  immaterial  in  a  canal  which  can  run 
137  feet  deep,  and  is  designed  for  8  feet  depth. 

The  problem  therefore  has  been  completely  solved. 

The  necessary  conditions  are  as  follows  : 

(i)  The  river  in  its  low  stages  must  be  entirely  under  control,  so  that  the 
surplus  water  can  be  easily  and  certainly  diverted  to  the  bank  opposite  to  the 
canal  head. 

(ii)  The  undersluices  must  be  of  such  a  capacity  that,  when  fully  opened, 
the  flow  through  them  is  sufficient  to  scour  out  the  silt  tiap  and  also  to  form 
a  channel  connecting  the  silt  trap  with  the  deep  water  channel  which  is 
created  on  the  farther  side  of  the  river. 

These  conditions  are  easily  secured  in  rivers  carrying  nothing  larger  than 
coarse  sand. 

In  some  of  the  later  canals  the  weir  crest  is  laid  not  at  a  level,  but  with  a 
fall  of  two  or  three  feet  towards  the  end  corresponding  to  C,  in  Sketch  No.  163. 
Personally,  I  doubt  whether  this  is  advisable,  as  it  appears  likely  to  cause  the 
flood  channel  to  work  over  towards  the  farther  bank  at  C.  This  seems  un- 
necessary, and  if  the  action  became  too  acute,  the  undersluices  might  not  be 
able  to  scour  out  the  connecting  channel  when  required.  The  Rupar  (Sirhind 
Canal)  weir  is  level,  and  under  the  present  conditions  it  serves  its  purposes 
admirably. 

The  floods  scour  out  the  deposits  splendidly ;  and,  as  will  be  noticed,  the 
two  deep  water  channels  XY,  and  XZ  (see  Sketch  No.  163)  which  the  method 
requires,  have  become  permanent  features  of  the  river  bed. 

Wortinc  of  Rliwa  autyliiff  Booldera  or  Gravel.— These  rivers  are  less 
easily  controlled  than  sand  bearing  streams.  Their  Hoods  are  more  intense, 
and  the  tow  water  supply  will  hardly  suffice  to  scour  out  and  maintain  the 
channel  corresponding  to  that  denoted  by  XY,  in  Sketch  No.  163.  The 
examples  which  are  best  known  to  me  are  the  river  Ravi,  at  Madhupur  (sup- 
plying the  Ban  Doab  canal),  and  the  Jumna  at  Tajewala  (supplying  the 
EaBtem  and  Western  Jumiu  canals). 
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In  tbe  above  cases,  any  attempt  to  divert  the  surjdus  water  t 
from  the  canal  headworks  would  probably  produce  so  great  a  deposit  of  shingle 
in  front  of  the  canal  head  that  the  undersluices  could  not  scour  it  away. 

The  rivers  being  torrential,  it  is  impossible  to  guarantee  the  maintenance 
of  a  weir  with  falling  shutters  across  the  river.  At  Tajewala  the  weir  is 
usually  in  fair  working  order,  while  at  Madhupur  the  weir  is  generally  buried 


Sketch  No.  165.— T»jew»la  Bar,  or  Undersluices,  previoos  to  18761 

in  shingle,  and  receives  but  scant  consideration  when  the  problem  of  regulation 
is  dealt  with.  At  both  places  the  engineer  in  charge  has  to  "get  the  river 
under  control "  at  the  beginning  of  each  low  water  season.  This  is  effected  by 
blocking  such  channels  as  divert  water  from  the  canal  head  by  means  of  more 
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Sketch  No.  166,— Tajewak  Undersluices,  from  1876  to  1896. 


or  less  (usually  less)  permanent  dams  of  boulders  and  brushwood,  or  occasionally 
of  rubble  masonry  in  lime  mortar.  These  headworks  are  now  generally  held 
to  be  wrongly  located,  and  it  is  thought  that  sites  farther  down  the  river,  where 
sand  alone  would  have  to  be  considered,  would  be  preferable.    This  statement 


Sketch  Na  167.— TajewaU  Undersluices,  as  partly  lecoutiucted  in  1896. 

may  be  correct  as  regards  Madhupur,  but  I  am  not  convinced  that  it  applies  to 
Tajewala.  In  any  case,  the  problem  must  be  faced  in  other  countries  ;  and  the 
&ict  that  the  above  rivers  have  not  as  yet  been  permanently  controlled  does  not 
materially  affect  the  method  of  working  them,  as  the  shingle  deposit  would 
certainly  be  increased  if  the  river  were  permanently  weired,  or  barred  in  any 

The  exigencies  of  the  situation  are  best  explained  by  Sketches  No,  165,  No. 
166,  and  No.  167,  which  show  three  sections  of  the  combined  weir  and  under- 
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sluice  iu«d  at  Tajewola.  It  is  sufBcieot  to  state  that  the  first  two  were  destroyed 
in  the  years  noted  in  the  sketches,  and  that  it  may  be  anticipated  that  the 
present  design  will  sooner  or  later  be  destroyed.  No  masoniy  on  earth  can  be 
expected  to  stand  the  impact  of  boulders  ranjjing  up  to  5  feet  in  diametci,  under 
river  velocities  of  20  to  25  feet  per  second. 

The  regulation  of  these  rivers  in  thejr  tow  water  stage  is  entirely  effected  by 
the  uodersluicea,  and  the  low  water  channel  is  kept  close  to  the  canal  head. 
(This  produces  the  rather  confusing  terminology  shown  in  Sketch   No.  170 


Sketch  No.  16S.— Madhupur  Raised  Sill  and  Regulati 


where  what  is  usually  termed  undersluices  is  noted  as  a  regulator,  and  the  term 
head  is  used  for  the  canal  regulator.)  Thus  shingle  and  boulders  would  enter 
the  canal  were  it  not  that  the  canal  head  is  provided  with  a  raised  sill.  Sketch 
No.  168  shows  the  design  adopted  at  Madhupur,  and  the  raised  silt  added  in 
1906.  The  Rupar  design  (see  Sketch  No.  164)  is  also  suited  to  these  conditions. 
Sketch  No.  169  shows  the  Tajewala  canal  head.  This,  at  first  sight,  has  no 
raised  sill ;  but,  as  a  matter  of  fact,  the  whole  regulator  is  raised,  as  a  per- 


,  SkbtckNo.  169.— Tajewala  Emulator, 


manent  deep  water  channel  has  formed  in  front  of  the  work,  soundings  of  1 1  feet 
being  regularly  obtained  within  2  feet  of  the  face  wall.  This  is  a  favourable 
condition  for  keeping  silt  out  of  the  canal,  but  it  cannot  be  considered  as  good 
practice.  The  error  made  is  obvious.  The  opening  of  the  sluices  ("  Regulator  " 
ia  sketch)  nearest  to  tho  regulator  ("Head"  in  sketch,  see  Sketch  No.  170) 
is  always  the  one  which  is  first  opened.  If  the  problem  were  better  understood, 
there  is  no  doubt  that  if  this  opening  and  the  next  one  were  kept  closed,  the 
deep  water  channel  could  be  slightly  diverted  by  passbg  off  surplus  water 
through  the  third  and  fourth  openings.  We  might  then  hope  to  make  the  cross- 
section  of  the  river  in  front  of  the  canal  head,  of  the  form  SS,  shown  in  Sketch 
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No.  169.    Erosion  in  front  of  the  regulator  would  then  be  minimised,  bnt  more 
gravel  would  enter  the  canal. 

At  Madhupur  matters  are  in  a  better  state,  a9  it  has  been  found  possible  to 
maintain  a  level  floor  in  front  of  the  canal  head  or  regulator.  These  statements 
reflect  no  discredit  upon  the  o'flScer  in  charge  of  Tajewala,  since  silt  troubles 
are  far  less  acute  on  the  Western  Jumna  canal  than  on  tbe  Ban  Doab. 
Madhupur  is  worked  with  too  great  a  consideration  for  erosion,  and  too  little 
regard  to  silt.  At  Tajewala  the  reverse  is  the  case,  and  as  the  demand  for 
water  is  more  acute  at  Tajewala,  the  engineer  at  the  latter  place  appears  to 
have  been  on  the  whole  the  more  successful  of  the  two.  In  neither  case  does 
it  appear  that  the  best  method  has  been  grasped.  The  deep  water  channel 
should  not  be'  kept  immediately  in  front  of  the  canal  head,  but  at  a  short  dis- 
tance away  from  it ;  the  exact  distance  being  fixed  by  the  condition  that  tbe 
deposits  of  shingle  immediately  in  front  of  the  regulator  (shown  by  the  line  SS, 


Seal'  ef  feel 
Sketch  No.  170.— Plan  ofTajewala  Hetulworks. 

'  in  Sketch  No.  169]  can  be  scoured  away  when  necessary  by  opening  the  under- 
sluices.  The  canal  head  gates  at  Tajewala  are  of  a  somewhat  peculiar  type  and, 
except  when  the  river  is  very  low,  form  a  raised  sill  so  that  the  water  enters  the 
canal  at  a  level  at  least  3  feet  above  (he  masonry  sill  shown  in  Sketch  No.  169. 

It  will  be  plain  that  sand  (at  any  rate}  will  be  drawn  into  the  canal.  At 
Tajewala  sand  alone  enters  the  canal,  hut  at  Madhupur  pebbles  and  occasional 
boulders  arc  carried  in.  These  two  canals  irrigate  flat  land  in  their  lower 
reaches,  and  it  is  impossible  to  obtain  sufficient  velocity  in  the  tail  channels  to 
carry  this  sand  forward.  Thus,  scouring  escapes  form  an  integral  portion  of 
the  canal,  and  must  be  provided. 

The  headworks  of  the  irrigation  canals  of  Lombardy  are  situated  on  riven 
which  are  only  slightly  less  torrential  than  the  Ravi,  or  the  Jumna.  The  canals, 
however,  do  not  irrigate  flat  land,  and  therefore  sandy  silt  causes  but  little  traoblc; 
The  canals  dale  from  medi.'cval  times,  and  their  headworks  are  nsnally 
unprovided  with  regulators.  Thus,  pebbles  and  also  boulders  enter  the  canal. 
These  are  scoured  out  by  escapes  and  sand  traps. 


Digiized  by  Google 


SIZE  OF  REGULATORS  665 

We  may  therefore  assume  that  the  eKapes  found  necessary  oa  the  Western 
Jumna  are  only  required  because  the  tail  portions  of  the  canal  irrigate  flat  land. 
Were  the  slopes  of  the  whole  irrigated  area  of  the  same  character  as  those  of 
NoTtheni  Italy,  it  is  probable  that  the  precautions  taken  at  Tajewala  would 
suflice  to  exclude  all  detrimental  silt. 

The  circumstances  at  Madhupur  are  somewhat  less  bvourable  ;  and  the 
escapes  and  the  double  head  reach  now  adopted  would  probably  be  required, 
however  steep  the  tail  channels  might  be,  since  at  present  silt  deposits  mainly 
occur  in  the  head  reaches  of  the  canal.  The  Madhupur  conditions,  however, 
are  not  likely  to  occur  in  carefnity  designed  systems.  The  headworks  date 
back  to  1864,  and  the  modern  troubles  are  mainly  attributable  to  the  fact  that 
the  canal  carries  about  50  per  cent,  more  water  than  it  was  designed  for. 

In  considering  the  -design  of  headworks  of  canals  under  the  above 
conditions  the  following  rules  appear  to  be  advisable  ; 

(a)  The  regulator  or  canal  head  should  be  relatively  lai^|«r  than  is  usual  in 
the  present  designs.  We  wish  to  get  the  water  into  the  canal  with  as  little 
disturbance  as  possible.  The  Tajewala  regulator  could  with  advantage  be 
made  25  to  30  per  cent,  larger  than  it  is  now,  while  an  enlargement  of  the 
Madhupur  regulator  is  known  to  be  urgently  required.  The  double  head  reach 
channel  employed  is  described  on  page  766,  and  it  is  quite  probable  that  if  this 
system  of  working  were  abandoned,  and  if  the  entire  length  of  the  regulator 
was  used  to  admit  water,  the  sand  d^Muits  occurring  in  the  lower  reaches  would 
be  decreased. 

(#)  The  undersluices  should  also  be  increased,  not  necessarily  in  length, 
but  they  should  be  placed  deeper  in  relation  to  the  regulator,  so  as  to  give 
greater  scouring  power.  The  question,  however,  needs  very  careful  considera* 
tion,  and  should  he  experimentally  tested.  The  Tajewala  undersluices  are 
probably  too  deep  when  worked  as  at  present,  although  itot  necessarily  so  if 
they  were  worked  in  the  manner  that  has  been  suggested.  The  Madhupur 
undersluices  are  certainly  not  snfliciently  powerful. 

The  principle  to  be  borne  in  mind  is  that  the  ordinary  low  water  flow  is 
insufficient  to  produce  any  material  effect  upon  the  shingle  deposits  near  the 
regulator.  The  undersluices  should  therefore  be  capable  of  passing  away  the 
minor. freshets  that  occur  in  the  low  water  season.  The  canal  should  then 
be  shut  down,  and  these  ^esbets  should  be  utilised  for  scouring  in  front  of  the 
regulator. 

It  will  be  obvious  that  the  root  of  all  the  troubles  is  the  fact  that  the  river 
is  not  under  control  during  the  periods  when  the  major  part  of  the  motion 
of  the  shingle  and  boulders  occurs.  The  engineer  is  expected  to  scour  out 
depocits  that  are  produced  when  the  mean  velocity  of  the  river  is  about  15 
to  20  feet  per  second,  by  manipulating  low  water  flows  which  rarely,  if  ever, 
give  a  mean  velocity  in  excess  of  5,  or  6  feet  per  second.  The  marked 
extension  of  the  subsidiary  weirs  and  training  bahks  upstream  of  the  canal 
head  (p.  666)  is  in  essence  an  endeavour  to  secure  a  fall  sufficient  to  permit 
the  low  water  flow  to  be  used  as  a  Jet  to  scour  away  boulders.  The  difficulties 
are  great,  the  maximum  flood  of  the  Ravi  being  about  170,000  to  190,000 
cusccs,  and  its  minimum  low  water  flow  only  1 200  cusecs,  while  Very  few  years 
pass  without  flows  of  i  joo  to  2000  cusecs  being  recorded  The  figures  for  the 
Jumna  are  slightly  l^s  variable.  In  view  of  the  siie  of  the  rivers,  it  is  doubtful 
whether  any  other  solution  can  be  found.     In  a  smaller  river  of  equally  variable 
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flow,  however,  it  would  appear  advisable  to  erect  a  relatively  bigb  dam  (say 
20  or  30  feet)  with  undersluices  at  as  low  a  level  as  possible,  and  thus  provide 
a  means  of  working  the  river  as  is  done  at  Rupar. 

The  first  cost  is  no  doubt  heavy,  but  the  dam  will  provide  storage  ca.padty, 
and  the  present  cost  of  maintenance  and  repairs  at  Madhupur  and  Tajewala 
forms  a  very  heavy  drain  on  the  profits  of  what  are  even  under  present 
circumstances  abnormally  prosperous  irrigation  systems. 

General  Remarks.— The  above  discussion  is  confined  solely  to  the 
working  of  existing  canals.  Where  a  choice  is  possible,  a  site  simitar  to  that 
at  Kupar  should  be  selected.  The  maintenance  of  headworks  resembling 
those  at  Tajewala  or  Madhupur  is  an  abominable  business.  At  Tajewala,  the 
system  of  spur  dykes,  training  walls,  etc.,  extends  at  least  IS  miles  upstream 
of  the  canal  hea^,  and  at  Madhupur  8  miles  is  probably  the  usual  limit.  The 
financial  returns  of  an  irrigation  canal  are  so  excellent  that  these  enormous 
works  are  justifiable.  Nevertheless,  there  is  little  doubt  that  if  the  headworks 
were  situated  on  a  less  torrential  portion  of  the  river,  an  eqi^ally  good  use 
could  be  made  of  the  flow  of  the  river. 

As  a  general  principle,  rivers  in  the  torrential  portion  of  their  course  should 
be  utilised  only  for  power,  and  the  irrigation  development  should  be  effected  in 
the  lower  reaches  of  the  river  where  silt  of  a  sandy  nature  alone  occurs. 
This  division  will  be  seen  to  be  logical  In  torrential  readies  of  a  river,  the 
head  requisite  for  a  power  development  can  generally  be  secured  by  relatively 
short  head  and  tail  channels.  The  general  slope  of  the  country  being  sleep, 
the  head  channel  can  be  graded  so  as  to  produce  velocities  which  will  carry 
forward  all  sand,  and  possibly  even  small  gravel.  These  particles  must  be 
removed  from  the  water  before  it  reaches  the  turbines,  by  means  of  sand  tr^ts, 
or  silting  basins  ;  but  since  the  general  slope  of  the  ground  is  steep,  sites  for 
such  tra^K  or  basins  can  be  easily  found. 

When  the  site  for  headworks  is  selected  in  the  sand-carrying  reaches  of  a 
river  the  following  principles  should  be  borne  in  mind. 

It  appears  that  (contrary  to  accepted  [»actice,  which  is  based  00  the 
supposition  that  hard  clay  foundations  exist  on  the  bank  towards  which  the 
river  travels)  the  regulator  of  a  canal  should,  if  silt  problems  aloae  are 
considered,  be  situated  on  that  bank  which  the  stream  as  a  whole  tends  to 
quit. '  Local  variations  due  to  the  existence  of  marked  and  permanent  bends 
may  render  it  possible  to  discover  a  favourable  site  on  either  bank  ;  bnt,  as 
a  rule,  it  will  be  found  (in  the  Northern  Hemisphere  at  any  rate]  that  rivers 
flowing  towards  the  north  attack  the  eastern  bank,  and  that  rivers  flowing 
towards  the  south  attack  the  western.  As  an  example,  it  may  be  noted  that 
the  Nile  flows  north,  in  the  Northern  Hemisphere  ;  and,  as  a  nutter  of 
historical  record,  the  western  bank  was  the  one  to  be  first  reclaimed.  Similarly, 
the  Punjab  rivers  flow  south,  attack  their  western  banks ;  and,  with  one 
exception  (the  Western  Jumna  canal),  alt  canal  heads  are  situated  on  the 

The  regulation  of  the  river  should  be  worked  so  as  to  produce  sliU  w^er 

I  on  the  canal  side,  keeping  the  main  stream  during  low  water  on  the  other 

I  bank.      The  "scouring  out  of  the  local  deposits  in  the  silt  pocket  should  be 

'  effected  during  short  closures  of  the  canal,  while  floods  are  depended  on  to 

scour  away  the  general  accumulation  of  silt  which  occurs  above  the  weir. 

In  cases  where  a  site  on  the  bank  which  the  river  tends  to  attack  nmsl  be 
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■elected,  the  problem  is  more  complicated.     In  actual  examples,  the  solutioa 

is  usually  one  of  brute  force,  combined  with  expensive  mainteoance.  The 
canal  is  systematically  cleared  of  the  silt  deposits  produced  by  the  scour  of  the 
river  banks,  and  large  quantities  of  btone  are  thrown  in  front  of  the  regulator 
and  undersluices  during  each  low  water  season,  so  as  to  preserve  them  from 
erosion  in  the  succeeding  floods.  The  work  is  costly,  and  in  Urge  rivers  may 
entirely  swallow  up  the  whole  profits  of  the  undertaking.  In  small,  and  placid 
rivers,  the  disadvantages  are  less  acute  ;  but,  even  in  such  cases,  a  site  which 
the  river  tends  to  quit  is  preferable.  If  the  worst  comes  to  the  worst,  dredging 
a  channel  from  the  deep  water  stream  to  the  canal  head  is  cheaper  than 
protecting  several  miles  of  bank.  It  therefore  appears  preferable  in  all  such 
cases  to  train  the  river  for  some  distance  above  the  headworks,  so  as  to 
produce  a  slight  tendency  to  quit  the  canal  head.  The  following  suggestions 
for  the  design  of  such  training  works  are  put  forward  with  the  remark  that  the 
principles  are  fully  proved,  and  have  been  applied  for  many  years  past  in 
connection  with  bridges  over  rivers  flowing  in  beds  which  are  easily  eroded. 

Broadly  speaking,  the  problem  is  to  direct  the  main  stream  of  the  river 
away  from  the  canal  head,  and  to  provide  a  place  in  the  river  bed  where  silt 
can  be  deposited  during  low  water  periods,  and  swept  forward  during  floods. 
This  has  been  completely  solved  by  Bell's  system  of  "  bunds,"  or  dykes  (see 
Spring :  Indian  Ri-vers  .  .  .   Guide  Bank  SyUtni). 

Consider  a  river  which  is  normally  5000  feet  broad.  It  will  be  found  that 
such  a  river,  when  flowing  in  a  sandy  bed,  is  capable  of  eroding  this  bed  to  a 
certain  depth  (let  us  say  60  feet).  This  depth  will  depend  upon  the  velocity  of 
the  river,  the  size  of  the  sand  grains,  and  their  angle  of  repose  when  wet ;  and 
is  obviously  governed  by  the  rate  at  which  the  water  can  pick  up  the  sand,  the 
maximum  depth  of  a  scour  hole  being  that  at  which  the  sand  falls  in  from  the 
surrounding  portions  of  the  river  bed  as  fast  as  the  water  can  pick  it  up. 

The  training  of  such  a  river  is  effected  as  follows  ; — A  certain  breadth, 
somewhat  less  than  the  normal  width  (usually  about  three-fifths)  of  the  river  is 
selected,  and  the  river  is  trained  to  this  width  for  a  length  of  about  one  to  one 
and  a  half  mile,  by  means  of  dykes  or  banks  parallel  to  the  main  stream  of  the 
river,  and  faced  with  stone  of  a  siie  such  that  the  river  current  cannot  carry  it 
away.  The  stone  may  be,  and  is,  undermined ;  but  the  stone  facing  of  the 
banks  is  made  of  such  a  thickness  that  when  the  river  has  eroded  to  its 
maximum  depth,  the  facing  still  forms  a  continuous  layer  over  the  face  of  the 
bank  when  its  slopes  are  continued  to  a  depth  equal  to  that  of  the  deepest  hole 
which  the  river  can  possibly  erode  (sec  Sketch  No,  159).  The  length  of  the 
bank  is  lixed  by  the  condition  that  the  most  acute  bend  which  naturally  occurs 
in  the  river  cannot  reach  up  to  and  erode  the  canal,  or  railway  embankment, 
as  shown  in  Sketch  No.  171. 

The  river  is  thus  forced  to  flow  through  a  constricted  bed,  and  can  (within 
limits)  be  directed  as  required.  Sketch  No.  159  shows  typical  designs;  and 
the  plan  of  the  dykes  should  be  such  as  to  give  as  little  opportunity  as  possible 
for  whirlpools  to  be  set  up,  and  the  stone  facing  should  be  packed  by  hand  to 
as  smooth  an  external  face  as  possible  (see  p.  653}. 

The  iTMSt  severe  attack  will  obviou^y  be  made  on  the  heads  of  the  dykes, 
and  these  are  provided  with  an  extra  protection,  as  noted  in  Sketch  No.  159. 

Let  us  now  consider  what  happens  iQ  the  constricted  channel  between  the 
dykes  during  a  flood.    The  channel  will  evidently  scour  out  to  a  depth  such 
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that  the  cross-section  of  the  constricted  channel  is  veiy  approximately  equd  to 
the  average  cross-section  of  the  natural  river,  the  slight  difference  iMng 
caused  by  the  increase  in  the  mean  velocity  as  determined  by  Kennedy's 
law  (see  p.  754). 

Thus,  during  each  flood  we  have  a  heavy  scour  in  the  constricted  channel, 
and  the  area  thus  scoured  out  is  filled  up  with  fresh  silt  during  the  low  water 
season,  ^ro  lanio  reducing  the  amount  of  silt  reaching  ihe  weir  or  canal  head. 


Sketch  No.  171.— Severe  ultack  on  a  Bell  Dyke. 


These  general  principles  of  river  training  and  cfHitrol  being  clear,  their 
application  to  a  canal  headworlcs  is,  I  think,  obvious. 

A  constricted  channel  should  be  established  some  distance  above  the  canal 
head,  and  should  be  arranged  so  as  to  direct  the  flow  of  the  river  to  about  the 
middle  of  ihe  weir  ;  i.e.  where  the  normal  breadth  is  5000  feet,  the  prolongation 
of  the  nearer  training  bank  should  cut  the  weir  about  2000  feet  away  from  the 
canal  head.    This  being  done,  the  river  is  properly  diiected ;  and,  what  is 
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probaUy  still  more  important,  tbe  deep  scoured  channel  between  the  training 
banks  forms  a  very  effective  silt  trap  during  the  low  water  season. 

A  complete  design  would  of  coutec  specify  the  distance  between  tbe  weir 
and  the  tail  of  the  banks,  and  between  the  canal  bead  and  the  line  of  the. 
nearer  bank  measured  perpendicular  to  the  direction  of  tbe  river.  These  are 
obviously  very  important ;  since,  if  the  second  ie  too  great,  the  river  may  quit 
tbe  canal  head,  and  costly  dredging  may  become  necessary  ;  while  if  too  little, 
the  river  may  attack  the  headworks. 

Similarly,  if  the  first  is  too  big,  heavy  deposits  may  form  in  front  of  the 
weir,  and  canal  head,  during  [be  floods ;  and  if  too  small,  the  weir  may  be 
atta^ed.  In  actual  practice,  however,  such  works  are  not  started  until  a  weir 
and  headworks  have  been  in  existence  for  some  years,  so  that  the  necessary 
information  should  be  on  record.  At  Khanki  (Sketch  No.  172)  the  railway 
training  works  are  obviously  much  too  far  above  the  canal  head  to  be  useful. 


Skbtcu  Na  173.— TiainiDg  Works  at  KhankL 

A  logical  treatment  of  this  subject  would  include  the  design  of  tbe  whole 
plan  of  the  headworks  of  a  canal.  Unfortunately,  the  practical  aspect  of  the 
matter  renders  this  treatment  useless.  In  every  case  tbe  headworks  of  a  canal 
must  be  designed  with  incomplete  information,  since,  even  If  really  systematic 
preliminary  studies  were  made  for  a  generation,  they  could  only  acquaint  us 
with  the  regime  of  the  river  before  the  diversion  of  its  waters  for  the  canal  ; 
and  no  amount  of  previous  knowledge  would  allow  us  to  predict  the  r6gime  as 
altered  by  the  almost  total  diversion  of  the  low  water  flow.  Thus,  tbe  practical 
view  of  the  matter  is  that  we  have  a  headworks,  and  (possibly  after  minor 
modifications)  we  should  accept  this  as  a  natural  feature,  and  work  the  river  to 
the  best  advantage  of  the  canal. 

Working  of  Inundatioh  Canals. — In  many  countries  it  is  usu^  to 
irrigate  by  canals  which  take  out  from  the  rirei  at  a  level  which  enables  them 
to  draw  water  during  flood  time  only. 
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The  design  of  such  works  is  usually  somewhat  empirical.  A  canal  head  is 
cut,  and  is  expected  to  supply  water  during  one  season.  If,  at  the  end  of  that 
season  it  is  not  absolutely  silted  up,  it  is  held  to  be  a  successful  head,  and  is 
used  until  it  becomes  less  expensive  to  cut  a  new  head  than  to  dispose  of  the 
deposits  accumulated  on  the  banks  of  the  old. 

The  old  principles  followed  by  Arab  engineers  in  Egypt  are  stated  od 
pag*  752,  and  allowance  being  made  for  local  conditions,  they  are  found  to  be 
those  used  in  all  places  where  flood  irrigation  is  effected.  I  believe  that  it  Js 
possible  to  obtain  somewhat  better  results  by  a  careful  consideration  of  the 
effects  on  the  canal  itself.  The  most  heavily  silted  waters  are  those  whidi 
come  down  with  the  rise  of  the  flood,  and  a  shallow  canal  head  will  draw  a 
greater  proportion  of  such  waters,  and  will  therefore  be  more  likely  to  tail 
through  silting.  The  matter  needs  careful  consideration,  for  although  the 
waters  of  the  highest  floods  carry  most  silt,  the  surface  water  of  a  river,  stage 
for  stage,  carries  least  silt.  An  ideal  design  therefore,  would  be  one  which 
would  pennit  the  canal  to  be  closed  off  during  the  rise  of  a  flood,  and  would 
yet  allow  only  the  top  layers  of  the  liver  water  to  enter  the  canal  when  it  was 
open.  The  ordinary  flood  or  inundation  canal  has  no  regulator  or  head  gates, 
and  the  two  conditions  arc  consequently  conflicting. 

The  logical  solution  would  appear  lo  be  as  follows  : — If  a  favourable  site 
br  a  canal  head  is  found,  as  indicated  by  the  principles  discussed  on  page  666, 
and  is  confirmed  by  the  fact  that  the  canal  does  not  markedly  sitt  during  its 
first  season,  it  would  appear  advisable  to  lay  stone  pitching  across  the  head, 
and  to  put  in  temporary  wooden  gates,  which  can  be  shut  down  when  the 
river  water  contains  an  abnormally  large  proportion  of  silt.  Sudi  a  process  is 
not  recommended  in  the  case  of  canal  heads  situated  at  places  where  the  river 
is  likely  to  attack  its  banks,  as  the  mere  fact  that  stone  pitching  is  put  in  would 
probably  produce  a  severe  attack  on  the  canal  head.  The  risk  is  justifiable  in 
cases  where  the  banks  are  known  to  be  fairly  stable,  and  such  reaches  are 
probably  "the  only  places  where  satisfactory  sites  for  a  canal  head  are  likely  to 
occur.  The  advantages  of  locating  the  head  on  a  permanent  ana-btanch  of 
the  river,  if  such  can  be  found,  are  too  plain  to  need  discussion. 

The  matter  is  also  of  interest  as  it  explains  the  rapid  cessation  of  irrigation 
which  follows  once  the  maintenance  of  the  canals  is  neglected. 

The  process  is  as  follows  :  Maintenance  being  neglected,  the  canals  begin 
to  silt.  This  small  initial  silting  causes  the  next  year's  supply  to  be  drawn 
from  waters  carrying  a  greater  proportion  of  silt,  as  the  canal  bed  is  now  so 
high  that  it  only  draws  Water  when  the  river  is  in  high  flood;  and  the  silt  is  so 
rapidly  deposited  that  the  clearer  water  of  the  falling  flood  is  not  taken  in,  or  is 
taken  in  in  a  far  smaller  quantity  than  is  requisite  for  scouring  out  the  silt 
deposit.  In  the  third  year  this  action  is  still  more  marked,  and  in  the  fourth 
the  canal  probably  ceases  to  flow. 

Weirs.— The  term  weir  is  frequently  employed  to  denote  a  low  dam  across 
a  river.  The  distinction  between  a  weir  and  a  dam  of  the  overfall  type  lies  in 
the  fact  that  water  is  usually  passing  over  a  weir,  and  it  is  only  rarely  that  some 
portion  of  the  weir  is  not  submerged.  In  an  overflow  dam,  on  the  other  hand, 
the  dam  is  not  usually  submerged  for  more  than  three  or  four  weeks  during  the 
year.  Thus,  the  primary  object  of  a  weir  is  to  raise  the  level  of  the  water  in  a 
stream,  permitting  a  portion  of  the  normal  discharge  to  escape ;  while  the 
primary  object  of  a  dam  of  the  overflow  type  is  to  store  up  the  normal  flow  of 
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the  river,  flood  water  alone  being  lost.  This  difference  in  object  is  accompanied 
by  a  decided  contrast  in  the  construction  and  design  of  the  two  species  of  dams. 
The  term  weir  is  therefore  restricted  to  dams  which  are  ao  frequently  submerged 
that  protection  against  erosion  by  water  passing  over  them  forms  an  integral 
portion  of  their  design. 

Weirs  may  be  divided  into  three  types: 

{A)  A  weir  consisting  of  a  dam  with  a  vertical  drop  wall  to  raise  the 
water  level,  and  a  horizontal  floor  at  or  about  tail  water  level,  to 
prevent  erosion,  as  per  Sketch  No,  173. 
{B)  In  this  type  the  vertical  wall  also  exists,  but  it  is  backed  on  its 
downstream  side  by  a  long  slope  of  packed  rubble  over  which  the 
water  flows.  The  rubble  is  retained  in  position  by  core  walls  of 
masonry,  which  form  square  or  oblong  cells  into  which  the 
rubble  is  packed.    (Sketch  No.  174.) 


Sketch  No.  173. — Nu^ia  Weir. 
Fig.  I  shows  the  original  coDstiuction ;  lig.  2  the  alleiation!;  after  the  Guluie ;  f^.  3  the 
pressures  under  the  weii  apron  shortly  before  Ihe  Gulure ;  and  fig.  4  typiod  sections 
showing  the  damage  that  had  occuri»l  upstream  of  Ihe  drop  wall  before  (he  apron 
cracked  and  (ailed. 

(C)  The  cross-section  of  the  w«r  is  similar  to  that  of  type  (5),  but  Ihe 
slope  consists  of  smooth  masonry  of  a  definite  thickness.     Core, 
or  drop  walls,  reaching  to  a  deeper  level  than  the  masonry 
platform,  exist,  but  do  not  form  a  necessary  portion  of  the  weir, 
their  function  being  mainly  to  prevent  local  erosion.    (Sketches 
Nos.  179,  181,  182.) 
TvPE  (/4).— This  type  is  best  suited  for  localities  where  a  firm  and  not 
markedly  permeable  foundation  can  be  secured,  e.g.  clay,  hard-pan,  or  firm 
gravel.    The  design  of  the  dam  itself  follows  the  usual  rules  for  dams,  allow- 
ance being  made  for  the  depth  of  water  passing  over  the  dam,  and  for  the 
diminution  of  weight  caused  by  submergence,  when  selecting  the  least  favour- 
able case.    Sketch  No.  173  shows  the  section  which  is  generally  adopted  in 
India,  and  Sketch  Na  176,  Fig.  i,  the  type  usual  in  America,  the  KCtion  given 
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being  that  of  (he  Granite  Reef  weir.  The  two  forms  of  the  overflow  face  of 
the  dam  dilTer  widely.  In  making  a  selection  it  should  be  realised  that  the 
Indian  type  is  more  likely  to  sustain  damage  in  the  floor;  while,  in  the 
American  type,  the  dam  itself  forms  the  weaker  portion  of  the  work.  Thus, 
the  quality  of  the  available  material  and  the  character  of  the  foundations  must 
decide  the  question. 
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Sketch  No.  174.— Sons  and  Okla  Weirs. 
Ntit. — The  difference  In  t>readth  of  these  two  wdra  loughly  indicales  the  possible  advan- 
tige  gained  by  the  deeper  foundations. 


Sketch  No.  175.— Colleroonand  Mahanadi  Weirs. 
Nett. — The  Colleroon  Wdi  is  probably  about  as  narrow  as  U  consisteiil  with  safety  in 
coarse  sand.     The  Mahanadi  Weir  shows  the  transition  from  type  B  to  type  C. 
The  reversed  filter  seems  to  me  excellently  located. 

The  American  type  may  be  recommended  when  first-class  materials  and  a 
good  foundation  can  be  secured  (say  masonry  in  Portland  cement,  founded  on 
weak  rock,  shale,  or  firm  gravel). 

A  dam  of  the  Indian  type  can  be  erected  on  clay,  or  even  on  sand  founda- 
tions (although  this  is  not  the  type  which  b  best  adapted  to  such  conditions), 
and  can  be  constructed  of  brickwork,  but  will  require  coiulant  maintenance 
and  repairs,  especially  in  the  apron. 


Digilzed  by  Google 


AMSSlCAJf  TYPM 


«73 


On  the  other  hand,  in  the  American  type  of  dani  failures  are  serious  when 
they  do  occur  ;  while  the  Indian  type  (if  well  looked  after)  has  never  failed  so 
rapidly  as  to  cause  a  disaster. 

The  section  of  type  {A),  possesses  certain  theoretical  advantages  over  the 
section  afforded  by  types  {S),  and  (C). 

laminclinedtobelieve  that  these  advantages  are  somewhat  over-estimated  ; 
but  it  will  be  plain  that  if  the  quantity  of  water  passing  over  the  weir  crest  is 
the  same  in  both  cases,  the  velocity  at  the  section  just  below  the  vertical  drop, 
in  type  {A\  will  be  i&T  less  than  the  velocity  at  the  same  distance  downstream 
of  the  weir  crest  in  types  (£),  and  (C) ;  and  erosion  and  wave  action  on  the 
downstream  apron  is  therefore  not  so  much  to  be  feared.  Records  of  actual 
maintenance  costs  confirm  this  view. 

On  the  other  hand,  the  pressures  on  the  foundations  are  far  more  localised 
in  type  {A),  and  unless  the  limits  of  pressure  usually  adopted  (see  p.  682)  are 
greatly  exceeded,  it  will  usually  be  found  impossible  to  obtain  an  adequate 
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Skbtch  No,  176,— Granite  Reef  and  Legnoa  Weirs. 

base  for  die  dam  except  in  lock,  shale,  or  extremely  hard  day.  Messrs. 
Pearson  and  Atcherle/s  theory  regarding  the  vertical  sections  of  dams  (see 
p.  374)  must  be  carefully  considered,  for  neither  -day  nor  shale  foundations 
can  be  considered  as  capable  of  assisting  the  dam  to  any  great  degree  against 
horizon  lal  tensions. 

A  study  of  existing  weirs  of  this  type  leads  me  to  believe  that  the  results  of 
the  above  theory  may  be  advantageously  applied,  and  will  prove  valuable  in 
indicating  when  type  {A)  can  be  used. 

Typ£  (^— Often  called  the  Anicut  type.  This  is  probably  the  oldest  type 
ofdaii)  in  existence,  some  of  the  Madras  anicuts  being  more  than  1500  years 
old.  Both  type  {B),  and  type  (C),  can  be  maintained  on  foundations  of  the 
finest  and  most  permeable  sand.  The  choice  between  the  two  types  is  really 
determined  by  the  available  material  and  labour. 

Type  {B),  contains  but  little  cut  stone,  or  mortat,  and  can  consequently  be 
erected  where  supplies  of  material  and  skilled  labour  are  hard  to  obtain.  It 
is,  however,  costly,  requiring  continual  and  unremitting  maintenance.  When 
£ne  sand  forms  the  foundation,  it  is  found  economical  to  grout  the  rubble  stone 
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heap,  or  to  face  it  with  cut  stone,  or  concrete  blocks,  so  producinif  a  bulky 
form  of  type  (C)  {e.g.  the  Mahanadi  weir.  Sketch  No.  175)-  Where  clay 
foundations  exi^i,  a  weir  of  type  {A),  is  usually  adopted,' and  proves  ad- 
vantageous as  being  more  cheaply  maintained.  .  Thus,  type  {B)  (as  is 
indicated  by  a  study  of  the  existing  examples)  should  be  restricted  to  coarse 
sand  foundations,  and  even  in  these  cases  it  is  doubtful  whether  it  would  not 
be  advisable  to  employ  type  {C). 

Since  type  {B),  requires  but  little  skilled  labour,  while  well  sinkers  and 
masons  must  be  employed  in  type  (C).  the  choice  between  the  two  types  is 
usually  determined  in  India  by  the  character  of  the  available  labour.  1 
consider  that  type  {B),  should  only  be  employed  in  other  countries  when  large 
and  cheap  supplies  of  rough  stone  are  accessible. 

Cases  may  occur  in  which  rough  rubble  can  be  cheaply  deposited  in  targe 
quantities  over  the  whole  of  the  weir  site  by  means  of  modem  transporting 
machinery.  The  following  notes  concerning  two  rubble  stone  wcin  existing 
in  Madras  are  a  digest  of  the  information  given  by  Welch  {Engineering  Waris 
of  the  KUIna  and  Godaveri  Deltax\  and  may  then  prove  useful. 

The  most  interesting  example  is  the  weir  over  the  Kistna  river.  The 
1  flood  recorded  was  770,000  cusecs,  and  the  weir  has  a  length  of 
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Sketch  No,  177.— Kistna  Welt. 

approximately  3400  feet.  The  section  adopted,  with  the  actual  levels  existing 
at  three  points  after  thirty  years  of  careful  maintenance,  is  shown  in  Sketch 
No.  177. 

This  section  may  be  considered  as  the  minimum  possible,  for  in  1894 
(thirty-nine  years  after  completion],  an  attempt  was  made  to  raise  it  three 
feet,  as  shown  by  the  dotted  lines.  The  weir  at  once  began  to  give  trouble 
through  the  formation  of  deep  scour  holes  (750  feet  x  20  feetx  iz  feet  average 
depth,  and  150  feetxzo  feetx  12  feet  average  depth],  in  the  74  feel  wide  apron  ; 
and  the  masonry  wall  of  the  weir  cracked. 

The  usual  inter- depart  mental  discussion  then  followed  as  to  the  possible 
effect  of  a  newly  constructed  railway  bridge  some  3000  feet  below  the  weir, 
and  its  training  works.  The  discussion  is  naturally  only  of  local  interest.  The 
useful  deduction  is  that  the  energy  generated  by  the  3-foot  drop  on  to  the  apron 
was  sufficient  to  remove  the  stone  work.  This  was  recognised,  and  the  lower 
wall. (shown  in  dotted  lines  in  Sketch  No.  177)  was  built  so  as  to  obtain  a  water 
cushion. 

In  i8g6,  after  the  second  largest  flood  on  record,  the  apron  was  again 
damaged,  and  the  talus  was  badly  scoured. 

The  3foot  wall  was  therefore  removed,  and  was  replaced  by  falling  shutters 
of  the  usual  design.    The  real  lesson  is  that  the  weir  was  very  accurately 
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proportioned  for  the  original  drop  of  14  feet,  and  was  not  capable  of  resisting 
the  extra  action  thrown  on  it  by  increasing  this  drop  to  17  feet.  It  wilt  be 
fairly  plain  that  a  far  narrower  weir  could  be  made  to  retain  the  14  or  i?  feet 
drop  if  water  cushions  were  used.  This,  however,  requires  a  large  quantity  of 
cut  stone,  and  Cotton  (the  designer  of  the  weir),  having  considered  such  a 
design,  finally  abandoned  it  because  the  present  design,  although  calling  for  a 
far  greater  bulk  of  rough  stone,  was  really  cheaper  in  view  of  the  extra  cost 
of  cut  stone. 

Under  modem  conditions,  however,  water  cushions  appear  to  be  advisable  ; 
and  if  put  in  during  construction,  before  the  deposition  of  the  rubble  renders 
excavation  difficult,  they  will  not  entail  any  great  extra  cost. 

As  a  contrast,  I  give  the  sections  of  the  Godaveri  weir  (see  Sketch  No.  17EO. 
This  has  to  pass  1,500,000  cusccs,  and  is  iii94S  feet  in  length.  A  priori,  it 
would  therefore  appear  that  <A  the  two  weirs  this  one  should  be  far  more  easily 
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maint^ned,  especially  since  the  ditference  of  levels  is,  on  the  average,  somewhat 
less  than  the  14  feet  existing  on  the  Kistna  river. 

Asamatteroffact,  the  weir  has  only  been  maintained  by  a  yearly  expenditure 
of  large  volumes  of  rough  stone  (the  records,  which  are  known  to  be  incomplete, 
indicate  that  at  least  290,000  cube  yards  were  expended  in  the  first  20  years 
of  the  weir's  existence).  In  the  light  of  present  experience,  the  reason  for  this 
comparative  failure  is  fairly  obvious: — The  concave  curve,  is  a  very  efficient 
means  of  directing  the  overfiowing  water  against  the  talus,  and  the  damage  is 
probably  caused  not  so  much  by  actual  transport  of  stone  down  the  river,  as  by 
burying  it  in  the  deep  holes  which  are  excavated  by  the  water,  and  afterwards 
filled  with  sand. 

The  lesson  may  be  useful,  as  many  overAow  dams  are  still  designed  with 
tail  aprons  composed  of  loose  rubble.  These  are  unadvisable  unless  they  rest 
on  day  or  shale ;  and  in  sand  they  should  be  replaced  by  a  pavement  made 
of  closely  fitted  blocks  of  concrete.  This  aspect  of  the  question  has  been 
realised  by  the  designer  of  the  Granite  Reef  floor  [see  Sketch  No.  176),  and 
his  practice  should  be  followed  if  the  ogfx  type  of  dam  is  adopted. 
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The  difference  in  design  between  the  DowlaisheTam  weir  (which  is  typical 
of  the  major  portion  of  the  weir)  and  the  short  length  known  as  the  Ralli  weir, 
should  be  noted-  The  masonry  of  the  latter  is  laid  on  a  pile  of  rough  stone, 
and  most  engineers  would  consider  that  it  was  the  more  favourably  situated  of 
the  two ;  but,  as  a  matter  of  fact,  it  causes  the  most  trouble.  This  is  easily 
explained  in  the  light  of  experience  of  Punjab  weirs.  The  river  carries  coarse 
sand  only,  and  what  would  be  called  fine  silt  in  Egypt,  or  the  Punjab,  is  almost 
entirely  absent  Thus,  it  is  doubtful  whether  the  interstices  in  the  rabble 
arc  even  now  stanched,  and  in  the  early  years  of  the  weir's  existence  the  masonry 
during'  the  fiood  season  was  exposed  to  an  uplifting  pressure,  probably  very 
nearly  equal  to  the  afBux  over  the  weir.  The  masonry  being  thus  strained  and 
simultaneously  exposed  to  shock  from  the  overflowing  water,  it  may  be  expected 
to  crack,  and  ead)  crack  forms  a  point  of  attack.  So,  quite  apan  1tc»r  any 
possible  settlement  produced  by  the  removal  of  sand  from  under  the  rough 
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Sketch  No.  179. — Lower  Chen«b  Weir. 

Nfle. — The  upper  figure  shows  the  uriginaJ  design,  which  pulially  failed  three  years  aflei 
construction,  by  uplifting  pressures  on  the  upron  masonry  (see  p.  685).  The  two 
lower  figures  show  the  odditiocs  upstream  of  the  crest  wall,  which  have  secured 
salislaclory  working  for  over  thiiteen  years. 

stone  (which  is  more  likely  to  occur  in  seasons  of  low  water  than  during  floods), 
the  damage  to  the  Ralli  weir  could  have  been  predicted.  Experience  <A  such 
weirs  leads  me  to  conclude  that  sand  forms  a  better  foundation  than  clay  for 
flat  portions  of  masonry,  and  that  clay  is  superior  to  loose  stone.  This  is  fairly 
evident  if  we  consider  that  in  rivers  which  do  not  carry  fine  silt  a  certain  amount 
of  percolation  under  the  masonry  must  be  expected.  If  a  definite  channel  is 
formed,  it  must  be  expected  that  the  masonry  will  crack  either  from  the  uplift- 
ing pressure  thus  brought  to  bear,  or,  owing  to  lack  of  support ;  and  althongh 
such  channels  are  less  easily  formed  in  clay  than  in  sand,  once  formed  they  are 
far  more  likely  to  remain  open  and  to  increase  in  size.  In  rivers  carrying  much 
line  silt,  it  is  probable  that  rough  rubble  under  smal!  differences  of  pressure  will 
soon  become  almost  as  impermeable  as  masonry. 

It  would  therefore  appear  that  all  the  weirs  which  are  considered  in  this 
section  could  be  greatly  strengthened  by  a  puddle  coating  upstream,  in  the 
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position  shonn  in  Sketch  No.  179  of  the  l-ower  Chenab  weir.  I  believe  (hat 
ibis  device  has  been  adopted  in  the  new  Madras  weirs. 

Type  (C).— This  is  the  type  dow  usual  in  the  Punjab  and  Northern  India 
generally,  and  may  be  considered  as  the  form  which  is  best  adapted  for  all 
cases  where  the  foundations  are  not  sufGciendy  good  to  permit  the  adoption 
of  type  {A),  and  where  local  conditions  do  not  cause  type  {,B)  to  be  cheaper 
(see  Sketches  Nos.  179,  181  and  182]. 

I  shall  therefore  discuss  at  length  the  rules  which  are  at  present  adopted 
in  the  design  of  weirs  which  belong  10  this  type,  and  shall  merely  refer  incident- 
ally to  the  rules  for  types  {A)  and  {E). 

The  rules  are  mainly  empirical,  and  1  doubt  whether  any  general  agreement 
on  the  matter  yet  exists  amongst  engineers.  It  must  also  be  noted  that  while 
tlie  results  of  the  theory  now  put  forward  agree  very  fairly  with  the  general 
practice  in  weiis,  considerable  difTerences  will  be  found  when  the  c<^nate 
question  of  understuices  and  regulators  is  discussed. 

Although  these  difficulties  are  partiall}',  if  not  wholly,  explained  by  difTerences 
in  the  intensity  of  tail  erosion,  the  very  fact  that  our  rules  endeavour  to  take 
into  account  such  an  accidental  and  incalculable  factor  as  erosion  is  ample  justi- 
fication for  extreme  caution  in  their  application.  Therefore,  although  Bligh's 
treatment  (see  Design  of  Irrigation  IVoris,  2nd  edition)  is  closely  followed  as 
regards  weirs  and  undersluices  (but  not  in  the  case  of  regulators),  1  have 
endeavoured  to  indicate  its  weak  points,  since  many  of  Bligh's  designs  seem 
Co  me  to  be  somewhat  hazardous,  being  (in  my  opinion)  the  fruit  of  experience 
which  has  bceii  gained  under  conditions  which  are  more  favourable  than  those 
which  occur  either  in  the  Punjab  or  in  Egypt.  Nevertheless,  the  theory  may 
be  followed  with  a  certain  degree  of  confidence,  for  should  the  design  which  is 
initially  adopted  prove  insufficiently  strong,  the  necessary  remedial  measures 
may  easily  be  discovered  by  an  application  of  the  principles  laid  down.  In 
costly  works,  such  as  weirs,  an  engineer  may  be  excused  for  "guessing  low," 
provided  that  he  has  previously  indicated  the  correct  remedies,  and  has 
"  guessed  sufficiently  high  "  to  avoid  a  really  troublesome  failure  or  disaster. 

Taking  matters  at  their  woi^t,  none  of  the  designs  shown  (which  include  all 
known'  cases  of  bad  failures)  have  ever  resulted  in  so  sudden  a  collapse  that 
temporary  remedies  could  not  be  applied,  and  the  principle  of  the  upstream 
apron  introduced  by  Cordon  and  Ciibbom  provides  a  very  excellent  means  of 
strengthening  a  weak  weir. 

Design  of  Weira.— The  design  of  all  types  of  weir  is  intimately  connected 
with  the  possibilities  of  percolation  under  the  weir  structure.  The  rules  now 
given  were  arrived  at  after  a  study  of  existing  works.  It  must,  however,  be 
stated  that  close  personal  acquaintance  with  seven  such  weirs  leads  me  to 
believe  that  published  drawings  never  properly  represent  the  exact  circum- 
stances. The  drawings  show  the  initial  construction  of  the  weir ;  and,  in  some 
cases,  where  large  modifications  have  been  made  after  construction,  these  are 
more  or  less  accurately  recorded.  Large  sums,  however,  are  annually  spent  in 
repairs  and  improvements  on  nearly  every  weir.  These  are  generally  patch- 
work additions  to  the  aprons  and  talus,  and  vary  from  point  to  point  along 
the  weir.  So  also,  large  quantities  of  stone  or  concrete  blocks  are  thrown  in 
yearly,  in  order  to  Stop  local  erosion.  In  particular  the  drawings  usually  show 
the  taluB  as  a  horizontal  layer  of  loose  stone  or  blocks.  Any  inspection  which 
is  conducted  under  fovourable  circumstances  will  generally  reveal  that  a  pelt- 
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meU  arrangement  of  loose  stone  exists  at  the  tail  of  a  weir ;  and,  in  some 
cases,  this  is  really  a  loose  stone  facing  sloping  down  at  an  angle  of  45  degrees, 
and  more  or  less  buried  in  sand.  Some  statistics  of  such  repaiis  are  given 
on  page  675,  and  it  will  be  plain  ihat  in  an  old  weir  (especially  one  belonging  to 
type  B),  twice  the  volume  of  loose  stone  shown  on  the  drawings  is  distributed 
somewhere  in  the  neighbourhood  of  the  weir  site.  Thus,  the  rules  given  below 
may  be  considered  to  represent  a  structure  which  can  be  maintained  without 
undue  risk,  The  final  and  permanent  structure  is  quite  another  matter,  and  is 
probably  airived  at  after  20,  or  even  30  years'  of  careful  maintenance. 

A  comparison  of  the  designs  of  weirs  and  undersluices,  as  contrasted  with 
the  designs  which  are  found  sufficient  for  head  regulators,  has  led  me  to  believe 
that  the  value  of  the  constant  c  (see  p.  679),  is  considerably  influenced  bv 
erosion  on  the  downstream  side  of  a  work.  Where  erosion  is  absent  (as  in 
regulators),  c,  has  a  value  which  is  approximately  only  one  half,  or  even  one 
third,  of  that  which  is  found  requisite  in  cases  where  deep  holes  or  channels 
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may  form  at  the  tail  of  the  apron.     Record  plans  rarely,  if  ever,  give  any 
information  regarding  the  size  or  depth  of  these  holes  even  in  the  low  water 


Subject  to  these  remarks,  1 
into  the  following  portions  (se 

(i)  The  upstream  apron,  which  may,  o 
walls,  or  cut-offs. 

(ii)  The  curtain,  or  core,  wall,  or  dam  wall  proper. 

(iii)  The  downstream  apron,  with  its  drop  walls  and  cut-offs. 

(iv)  The  downstream  talus,  or  pitching. 

Percolation  is  checked  by  the  impermeable  portion  of  the  wei 
any  typical  case,  is  composed  of  the  two  aprons,  and  the  core  wall. 

The  theory  of  percolation  under  an  impermeable  dam  or  coating  has 
already  been  given  (see  p,  292).  The  practical  aspect  of  the  question  is  obscure, 
and  although  the  necessary  data  exist  in  a  few  cases,  the  results  obtained  are 
conflicting.  Putting  aside  a  few  newly  constructed  weirs,  it  is  plain  that  the 
cut-off  walls  are  rarely,  if  ever,  carried  down  to  a  depth  which  is  sufficient  to 
have  much  effect  in  stopping  percolation. 


E  may  consider  that  all  weirs  may  be  divided 
e  Sketch  No.  180,  lower  Fig.)  : 

r  may  not,  include  one  or  more  drop 


This,ir 
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Thus,  for  the  type  of  weir  that  is  now  generally  employed,  we  have  merely 
to  consider  ib,  (see  Sketch  No.  180)  the  total  breadth  of  the  impermeable 
portions  of  the  weir  (clay  or  masonry,  or  grouted  rubble),  ib,  should  obviously 
be  some  multiple,  of  the  maximum  total  head  of  water  which  is  retained  by  the 
weir.  The  maximtmi  total  head  usually  occurs  when  there  is  no  water  flowing 
over  the  weir,  and  is  therefore  the  difference  between  the  top  of  the  shutters  on 
the  weir,  and  the  low  water  level  downstream  of  the  weir,  say  H^. 
Bligh  finds  that  4he  relation  is  expressed  by 

2i=fHrt  and  : 

I.  2^=5  to  qHc     In  clay,  shale,  or  shingle. 
II.  2i=i2Hf.  In  coarse  sand.    (This  is  the  usual  type.) 

in.  a*=isHr.  In  6ne  sand,f^.  Funjabsand. 

IV.  ib=  iSHp  In  mud  and  silt,  such  as  in  the  Nile. 

I  consider  that  any  attempt  to  define  the  terms  coarse  sand,  fine  sand  and 
silt  is  at  present  futile.  We  require  considerably  more  Imowledge  of  the 
relation  between  the  size  of  the  grains  and  the  conditions  producing  the 
failures  I  have  endeavoured  to  describe  by  the  terms  fountaining  and  piping 
(see  p.  299).  The  sands  used  in  the  experiments  there  described  were  selected 
as  being  typical  of  Classes  II.  and  III.,  i.e.  "Madras"  and  "Punjab"  sands. 
Spring  \ut  iupra,  p.  667),  when  discussing  the  scouring  of  rivers,  gives  a  large 


Sketch  No.  181.— Rupor  Weir. 

number  of  sand-sifting  analyses,  and  it  would  appear  from  these  that,  broadly 
speaking  80  per  cent,  of  the  grains  of  a  Madras  sand  are  retained  on  a  40 
mesh  sieve,  while  80  per  cent  of  Punjab  sand  grains  pass  through  a  75  mesh 
sieve  but  are  nearly  all  retained  on  a  100  mesb  sieve.  Similarly,  about  60  per 
cent,  of  Egyptian  grains  pass  through  a  100  mesh  sieve.  These  figures  are 
given  as  rough  guides  to  engineers  who  have  no  knowledge  of  the  localities 
referred  to.  In  practice  I  consider  that  systematic  experiments  are  necessary, 
even  when  a  successfol  weir  already  exists  on  the  river  it  is  proposed  to  deal  with. 

Bligh  also  considers  that  where  the  curtain  wall  or  cut-offs  are  deep,  twice 
the  sum  of  their  depth  below  the  aprons  should  be  added  to  the  breadth  ;  and 
the  total  quantity  thus  obtained  should  be  put  equal  to  ib. 

The  Laguna  weir  (Sketch  No.  176)  shows  an  existing  design,  where  sheet 
Idling  is  used  in  order  to  form  a  cut-off.  A  definite  statement  cannot  be  made 
on  this  point.  No  doubt  the  very  deep  (20  10  30  feet)  cut-off  walls  of  steel 
piling  recommended  by  Bligh  check  percolation ;  although,  according  to 
theory  (p.  396)  they  arc  not  as  efficient  as  the  same  length  of  horizontal  apron  ; 
but  tbe  rules  are  obtained  from  a  study  of  existing  weirs,  where  no  such 
deep  cut-offs  exist.  Thus,  Bligh's  extension  of  his  rules  must  be  regarded  with 
caution.  The  matter  is  extremely  important,  for  if  deep  cut-off  walls  are  even 
only  half  as  efficient  in  stopping  percolation  as  Bligh  considers  them  to  be, 
their  adoption  will  certainly  enable  considerable  economies  in  design  to  be 
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cRected.  For  the  present,  and  until  further  evidence  is  available,  I  think  that 
It  is  wise  to  regard  tbe  shallow  cut-off  walls  in  most  of  the  existing  weirs  as  con- 
structed merely'  as  stops  against  localised  percolation.  Their  main  functica, 
however,  is  to  prevent  any  undermining  of  the  w^  masonry  by  pot-holes,  wbkh 
may  form  at  the  up  and  downstream  edges  of  the  masonry  apron. 

Thus,  in  my  opinion,  shallow  cut-off  walls  act  as  an  ^d  to  the  loose  block 
talus,  and  cannot  be  regarded  as  in  any  way  equivalent  to  an  extra  lei^th  of 
impermeable  stratum  of  masonry  or  clay.  The  question  of  the  precise  function 
of  deep  cut-ofT  walls  of  sheet  piling  must  be  left  open  until  practical  experience 
has  accumulated. 

The  total  breadth  of  downstream  apron  and  talus  is  fixed  by  Bllgh  as 
follows  : 


VSv/,^ 


L— lof*/  -  -A/i-  for  sand  foundations, 


where  c,  is  the  constant  in  the  equation  ib^cMi^  Hi.,  is  the  height  of  the 
fall  over  the  weir,  «'.*.  the  difiercnco  of  level  between  the  masonry  crest  of  the 
weir,  and  the  low-water  level  downstream  of  the  weir,  or  the  normal  bed  level 
below  the  weir,  whichever  happens  to  be  the  greater,  and  q,  is  the  number  of 
cusecs  that  pass  over  each  foot  length  of  the  weir  during  the  maximum  flood. 

In  day,  or  in  weak  rock,  it  is  sufficient  to  put  L— 6Hb. 

The  results  of  this  formula  agree  very  well  with  the  figures  obtained  from 
drawings  of  a  large  number  of  Indian  weirs.  The  fonnula  may  therefore  be 
accepted,  but  is  purely  empirical. 

The  breadth  of  the  downstream  apron  (jV.  the  impermeable  portion  of  the 
breadth  L,  as  obtained  above),  in  the  case  of  dams  belonging  to  type  A^  is 
given  by  tbe  equation  : 


V^ 


where  H„  is  the  fall  from  the  top  of  the  shutter  to  the  top  of  this  apron.  In 
dams  belonging  to  type  (J),  aprons  do  not  occur,  and  in  those  belonging  to 
type  (Oi  Bligh  puts  : 


w* 


'3 

The  formulae  are  empirical,  and  do  not  agree  closely  with  practice,  except 
in  the  case  of  type  (C). 

In  the  design  of  weirs  belonging  to  type  (Oi  as  existing  in  the  Punjab,  w, 
is  usually  fixed  by  the  condition  that  the  masonry  apron  must  extend  at  least 
as  far  down  the  weir  as  the  place  where  the  standing  wave  is  likdy  to  occur. 
In  actual  practice,  the  whole  breadth  of  the  downstream  slope  is  sooner  or 
later  either  grouted  up,  or  surface  painted  with  mortar,  with  the  object  erf 
reducing  tbe  cost  of  repairs.  The  latest  designs  (see  Sketdies  No.  180  and 
No.  182)  therefore  show  the  whole  slope  as  constructed  of  masonry,  and  in 
view  of  the  fact  that. grouting  up  the  loose  rubble  tends  to  increase  the  upliftii^ 
pressure  on  the  masonry,  this  provision  appears  to  be  correct. 

In  clay,  or  weak  rock,  b'=3H„  is  found  to  be  sufficient 

The  thickness  of  the  downstream  apron  is  obtained  by  estimating  the  static 
pressure  which  exists  on  its  lower  surface,  and  which  tends  to  blow  it  up. 
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Let  A„  be  the  length  of  the  line  of  creep  to  any  point  in  the  downstream 

A,=the  breadth  of  the  impenneable  portion  upstream  of  this  point,  plus 
[according  to  Bligh)  twice  the  depth  of  all  the  intervening  drop  walls. 

Then  /,  the  thickness  required,  is  given  by  the  equation  : 

where  the  apron  is  submerged  at  low  water,  and 

3     P 
where  the  apron  is  not  submerged,  where  p  represents  the  specific  gravity  of 
the  masonry  or  day,  whichever  is  employed,  and  4=—,  and  H,  is  the  ^fTerence 
of  level  between  the  top  of  the  shutters  and  the  bottom  of  the  apron  at  the 
point  considered.    This  obviously  secures  an  excess  of  33  per  cent.-  of  dead 


Sketch  Na  i8a.— Lower  Jhdi 


weight  against  the  probable  upward  hydrostatic  pressure.  The  theory  already 
given  might  be  employed  in  order  to  calculate  h,  in  the  following  form  : 

h=—  cos-'  ^         (for  notation  see  p.  292) 

but  the  designs  of  existing  works  are  such  that  no  great  difiietence  occurs 
whatever  foimula  is  used ;  and,  as  already  stated,  sufficient  information  does 
not  exist  to  justify  any  very  wide  departure  from  the  lines  of  existing  design. 

The  dam  wall  itself  is  usually  proportioned  as  a  dam  to  resist  a  head  equal 
to  Hf.    Thus,  if  rectangular,  ils  thickness  would  be  represented  by  : 


the  factory— I,  being  used,  since  the  wall  may  be  considered  as  submerged. 

The  top  width,  however,  is  usually  i  foot,  and,  better  still,  2  feet,  greater 
than  the  height  of  the  shutters  j  and  where  these  are  high,  this  often  determines 
the  width  of  the  wall. 

The  formula  has  a  theoretical  justification  in  weirs  belonging  to  type  (A). 
In  types  {B),  and  (C)i  the  formula  appears  to  give  unnecessarily  great  width, 
but  the  advantage  of  having  a  heavy,  stable  wall  so  as  to  resist  the  stresses 
produced  by  the  water  pressure  on  the  shutters  is  obvious,  and  any  decrease 
ap)>ears  inadvisable,  although  in  a  few  weiis  beloDging  to  type  (£),  slightly 
thinner  walls  have  been  found  satisfactory  (Sketch  No.  174). 
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The  pressure  of  the  dam  wall  on  its  foundations  should  be  calculated.  The 
maximum  values  found  in  practice  are  usually  those  produced  by  the  piers,  of 
the  undersluices,  and  may  be  taken  as  : 

One  ton  per  square  foot,  for  fine  silt,  as  in  the  Nile. 
Two  tons  per  square  foot,  for  coarse  sand. 
Four  tons  per  square  foot,  for  clay. 

The  value  given  for  clay  agrees  very  well  with  ordinary  practice,  but  the 
values  for  sand  and  silt  are  lower  than  those  which  occur  in  similar  soils  in 
the  case  of  such  structures  as  bridge  piers.  It  is  therefore  possible  that 
pressures  as  high  as  i  tons  per  square  foot  for  silt,  and  4  tons  per  square  foot 
for  coarse  sand,  might  be  employed  ;  especially  if  the  sand  is  prevented  from 
moving  under  erosion  by  a  coffer  dam  of  sheet  piling.  The  question  is  not  of 
great  importance,  as  the  dimensions  of  the  curtain  walls  are  generally  fixed 
by  other  considerations. 

A  study  of  Sketches  No.  181  and  No.  182  will  show  that  these  formuke 
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Sketch  No.  183.— Groynes 

of  Lower  Jhelum  Weir, 

lead  to  results  which  agree  fairly  well  with  present  practice.  The  sudden 
diminution  in  thickness  at  the  second  drop  wall  in  the  case  of  the  Jhelum 
weir  (see  Sketch  No.  182)  is  justified  if  the  drop  wall  is  relied  upon  to  largely 
stop  percolation.  Qua  damage  by  erosion,  the  lengths  AB,  and  CD,  are 
units ;  and  if  the  theory  is  too  closely  followed  the  thinner  portions  of  these 
floors  might  fail,  and  thus  start  the  destruction  of  the  thicker  parts.  Whereas, 
by  keeping  the  thickness  uniform,  each  length  has  a  unifoim  strength  to  resist 
erosion,  and  is  likely  to  fail  independently.  A  complete  breach  of  the  weir 
is  thus  rendered  less  probable. 

In  all  types  of  weir  Che  masonry  apron  should  be  split  Up  into  cells  by  cross 
masonry  walls  parallel  to  the  stream  flow,  carried  down  as  deep  as  the  cut- 
off walls  and  spaced  say  every  200  feet  along  the  length  of  the  weir.  The 
object  is  plainly  to  localise  and  prevent  the  extension  of  any  hole  that  may 
form  in  the  apron. 

The  layer  of  spalls  and  fine  stone  shown  in  Sketch  Na  181  and  in 
No.  i7Si  F'K-  %  "i^ay  ^iso  be  noted.  This  is  a  new  idea,  and  is  termed  a  re- 
versed filter.  The  objea  is  to  provide  stone  which  it  is  hoped  will  fall  into 
and  fill  up  any  pipes  tending  to  form  in  the  sand,  and  so  stop  the  fiirther 
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removal  of  the  sand  in  th«  same  way  as  the  gravel  bed  retains  the  sand  of  a 
slon  sand  filter.  The  idea  is  the  fruit  of  a  discussion  of  certain  experiments 
made  by  Clibbom  {Exptriments  on  the  Percolation  of  Water  through  Sand), 
Tlie  principle  appears  to  be  sound,  and  it  is  obvious  that  if  it  works  well 
nothing  further  will  be  heard  of  the  niatter.  The  p<^sition  appears  to  be  well 
selected,  for  should  piping  occur,  the  thin  masonry  over  the  stones  will  probably 
crack,  and  will  permit  the  water  to  escape  in  an  upward  direction,  which  is 
exactly  that  which  is  most  favourable  for  the  action  of  a  reversed  filter. 

Spalls  and  run  of  the  breaker  stone  are  cheap,  and  tbe  principle  might  be 
extended  with  advantage  by  depositing  similar  masses  of  atone  on  the  down- 
stream side  of  each  drop  wall.  The  proposal  was  discussed  during  the  design 
of  the  Jhelum  weir,  and  was  abandoned  on  the  ground  that  the  stone  might 
provide  an  easy  path  along  the  cut-off  walls  for  the  water.  In  my  opinion 
this  is  unlikely,  and  in  any  case  the  mere  tact  that  a  cut-off  wall  has  been 
simk  secures  that  the  sand  near  its  face  has  been  disturbed,  and,  consequently, 
in  all  probability  already  provides  the  easy  path. 

Curtain  WiILLS,  os  CUT-Offs.—Tht  idea  at  present  held  in  the  Punjab 
is  that  curtain  walls  merely  prevent  erosion.  This  is  very  well  illustrated  by 
Floyd's  statement  (see  Upper  Chetiab  Canal  Projtet  Estimate),  as  follows  : 

"  For  the  crest  wall  (i.e.  tbe  dam  itselO  it  is  proposed  to  sink  a  line  of 
wells  12  feet  >;  8  feet  (in  plan)  to  a  depth  of  18  feet  below  the  mean  bed  level 
of  the  river,  which  will  take  them  to  5  feet  above  the  bed  of  boulders  found  in 
the  borings  made  on  the  site." 

This  really  means  that  the  lime  plugging  of  the  wells  will  reach  the  boulder 
bed,  and  tbe  inference  that  the  boulders  indicate  a  stratum  which  the  river 
has  never  yet  eroded  is  confirmed  by  their  appearance.  This  selection  COU' 
trasts  strongly  with  Bligh's  idea  that  curtain  walls  stop  percolation,  as  the 
design  plainly  forces  the  percolation  towards  a  stratum  which  .is  favourable  to 
percolation. 

Personally,  I  am  inclined  to  believe  that  a  line  of  wells  has  but  little 
influence,  and,  as  will  be  seen  from  the  Okla  weir  (Sketch  No.  174),  weirs  of 
type  (B),  stand  very  well  without  curtain  walls,  or  cut-offs  of  any  description. 
A  really  well  grouted  (see  p.  9S0),  and  perfectly  impermeable  cut-ofT  formed 
of  sheet  piling  has  never  yet  been  thoroughly  tried.  Such  walls  exist  in 
Egyptian  barrages  (e.g.  at  Esneh),  but  they  are  shallow,  and  their  function  is 
probably  only  to  retain  the  sand  under  tbe  heavy  pressure  of  the  barrage  piers. 

The  Lower  Jhelum  weii  (see  Sketch  No.  182)  is  amply  provided  with  deep 
CUt-oflT  walls.  Nevertheless,  it  partially  failed  under  the  action  of  a  strong 
cross  stream  current  running  parallel  to  Che  length  of  the  weir.  As  a  contrast, 
the  Lower  Chenab  weir  (see  Sketch  No.  179)  has  no  deep  walls,  and  although 
it  did  fail,  its  failure  is  amply  explained  by  the  insufficient  length  of  impermeable 
aprons.  The  actual  failure,  moreover,  occurred  on  the  site  of  an  old,  deep 
channeL  Consequently,  although  it  is  possible  that  had  a  curtain  wall  been 
carried  down  through  the  newly  deposited  silt  into  the  firmer  old  bed  of  the 
river,  matters  would  have  been  improved,  it  is  not  certain  that  deep  walls  were 
necessary. 

Hence,  I  must  confess  that  I  am  incapable  of  deciding  the  question,  although 
I  consider  that  Bligb's  theories  are  very  attractive,  and  deserve  testing. 

The  Upstkeaiu  APHON.-~h  certain,  and  perfectly  safe  economy  can  be 
secured  by  taking  advantage  of  the  principle  of  the  upstream  apron.    Sketch 
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No.  179  shows  this  apron  as  adopted  is  the  repairs  wbicb  were  efiected  on 
the  Lower  Chenab  weir.  The  wells  are  generally  unnecessary,  as  the  correct 
level  for  such  an  apron  is  at,  or  near  to,  the  bed  level,  where  it  is  not  exposed 
to  erosion.  The  design  adopted  in  such  cases  consists  of  3  feet  of  puddle 
clay,  covered  by  2  feet  of  concrete  blocks.  The  clay  should  be  well  joined 
to  the  masonry  of  the  dam  wall  by  the  methods  already  discussed  (see  p.  333)- 
The  advantages  arc  obvious.  We  wish  to  secure  a  certain  length  of  im- 
permeable coating.  Downstream  of  the  weir  all  structures  are  exposed  to 
wave  action,  and  erosion ;  and  an  impermeable  downstream  apron  must 
therefore  be  formed  of  costly  masonry.  Upstream  of  the  weir  any  structure 
situated  3,  or  4  feet  below  the  level  of  the  fixed  crest  of  the  weir  is  but  slightly 
exposed  to  erosion,  and  the  upstream  apron  can  therefore  be  made  of  the 
cheaper  and  equally  effective  (qua  impermeability)  day.  The  1  feet  thickness 
of  rubble,  or  concrete  blocks,  (blocks  are  better  as  affording  less  shelter  for 
watersnakes  and  crayfish,  or  other  animals,  which  might  bore  through  the  ctayX 
secures  the  clay  against  erosion. 

G^Efr^vfis.— Erosion  by  cross  currents  has  to  be  provided  against  in  all 
weirs  that  cross  wide  riveis.  This  is  effected  by  means  of  groynes  of  the  type 
shown  in  Sketch  No.  183.  Tlie  angle  between  the  groyne  head  and  the  weir 
should  be  pitched  with  concrete  blocks,  so  as  to  prevent  erosion  of  the  sand 
by  the  vortex  formed  a  little  downstream  (with  regard  to  the  cross  current)  of 
the  head  of  the  groyne. 

BftTfl. — So  far  we  have  assumed  that  the  weir  raises  the  water  level  of 
the  river  to  a  certain  extent.  Thus,  take  a  river  with  a  bed  slope  of  x^^nii 
finding  a  canal  with  a  bed  slope  of  g^^-  The  weir  is  supposed  to  raise  the 
water  level  13  feet.    The  saving  in  canal  length  is  consequently  : 


'3 


feet =34,700  feeL 


This  alone  may  pay  for  the  whole  weir. 

In  a  torrential  river,  however,  the  saving  in  canal  length  may  be  in- 
appreciable ;  and  in  such  cases,  a  bar  or  weir  the  crest  of  which  is  at,  or  very 
close  to  the  normal  bed  level  of  the  river,  may  suffice  to  secure  a  complete 
control  of  the  river.  Wherever  possible,  a  bar  of  this  description  should  be 
adopted  in  preference  to  a  weir,  for  the  river  being  torrential,  the  velocities 
over  the  weir  in  flood  are  likely  to  be  very  high  if  the  weir  obstructs  the 
natural  waterway  to  any  extent.  As  will  be  seen  when  discussing  the  Bara 
failure,  velocities  exceeding  30  feet  per  second  will  probably  destroy  any 
raised  weir. 

Sketch  No.  180,  Fig.  i,  shows  a  bar  erected  on  the  Jhelum  river,  in  an 
extremely  torrential  reach  (probably  as  bad  a  case  as  is  ever  likely  to  be 
dealt  with).  The  section  is  very  lat^«,  but  it  is  quite  impossible  to  unwater  to 
ii  depth  greater  than  that  which  is  shown  by  the  foundations,  and  piling  is 
unprocurable. 

In  cases  where  sufficient  pumping  power  is  available,  a  far  slighter 
design  in  sheet  piling  and  masonry  about  3  feet  below  bed  level  would 
suffice. 

Sketch  No.  184  shows  a  timber  section  which  has  performed  very  good 
work  in  America,  The  Sidhnai  weir  (see  Sketch  No.  163)  crosses  a 
markedly  non-torrential  river,  and  shows  a  good  type  where  percolation  (rather 
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than  erosion)  has  to  be  prevented.    The  Bengal  gates  (Sketch  Na.  190)  may 
also  be  used  in  sand  bearing  rivers. 

Failure  of  Weirs.— Three  cases  are  seiected.^Firslly,  the  Narora  weir. 
The  original  design  is  shown  in  Sketch  No.  173,  and  the  large  additions 
(which  are  probaUy  unduly  eactensive)  arc  also  shown.  The  floor  was  blown 
up  for  a  length  of  350  feet,  and  it  is  probable  that  the  failure  was  due  to  the 
floornot  being  sufGciently  thick  to  resist  the  upward  water  pressure.  The  two 
pipes  show  the  pressures  which  were  actually  observed  by  Beresford  shortly 
before  the  £ulure.  The  values  of  the  pressures,  (H  —h),  thus  obtained  seem 
to  indicate  that  the  upstream  day  apron  was  that  portion  of  the  impermeable 
stratum  which  proved  most  efficient  in  diminishing  the  pressure  arising  from 
percolation.  So  far  as  the  observations  go,  Biigh's  theory  regarding  the 
efficiency  of  drop  walls  is  confirmed.  To  my  mmd,  the  lesson  is  mainly  that 
weirs  bdonging  to  type  (,A),  are  tmsuiied  for  sand  foundations. 


Sketch  No.  1S4.— Timber  Bar. 

The  second  example  is  the  Chenab  weir  at  Khanki.  Sketch  No.  179 
shows  the  original  design.  The  ratio  [,-,  is  approximately  equal  to  8"3,  in 
place  of  13  or  i;.  So  also,  the  upward  pressure  downstream  of  the  core  wall  is 
about  9  feet  of  water,  which  is  slightly  in  excess  of  the  weight  of  the  4  feet  of 
stone  masonry  In  lime  mortar.  The  apron,  however,  did  not  blow  up,  as  was 
the  case  with  the  Narora  weir ;  and  the  circumstances  attending  the  failure 
rather  suggest  that  localised  piercolation  occurred,  of  an  intensity  which  was 
sufficient  to  undermine  and  finally  crack  the  apron.  The  circumstances  are 
obscure ;  the  failure  occurred  at  a  point  where  the  sand  is  known  to  be 
less  well  consolidated  than  is  usually  the  case.  The  weic  also  appears  to  have 
sustained  rather  rough  handling  by  the  sudden  dropping  of  long  lengths  of 
crest  shutters,  foUowed  by  an  equally  rapid  raising.  Nevertheless,  the  section 
is  obviously  weaker  than  usual,  and  the  manceuvres  above  referred  to  are 
required  in  the  systematic  regulation  of  any  river  which  is  subject  to  sudden 
freshets. 
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The  failure  of  the  Bara  weir  (Peshawar  district),  which  I  take  as  the  third 
example,  was  of  an  unusual  character.  Sketch  No.  185  shows  the  cross- 
section.  The  weir  was  a  small  work,  only  124  feet  in  length  over  all,  and 
crossed  an  extremely  torrential  river  with  vertical  banks  30  feet  high.  The 
ciTCumsta.nces  are  peculiar,  the  river  section  suddenly  narrows  to  a  width  of 
8z  feet  at  the  tail  of  the  weir.  Thus,  the  afflux  is  probably  small,  but  the 
velocity  over  the  weir  is  very  great.  The  weir  withstood  several  floods,  of 
which  one  at  least  passed  over  at  a  mean  velocity  of  24  feet  per  second.  It 
finally  failed,  and  was  completely  destroyed  by  a  Hood  which,  if  the  weir  stood 
until  the  maximum  level  was  attained,  must  have  had  a  mean  velocity  of  at 
least  32  feet  per  second. 

The  conditions  are  plainly  unsuited  to  a  weir.  The  bed  slope  of  the  river 
is  about  jjg,  and  the  water  level  could  be  maintained  at  the  elevation  563*7 
by  means  of  a  bar  situated  500  feet  upstream  of  (he  present  site.  This 
solution  was  adopted  when  the  work  was  repaired  ;  and,  judging  by  the 
relative  cosis  of  the  original  and  the  new  design,  it  should  have  been  selected 
when  the  canal  was  first  constructed. 

Summary.— An  examination  of  successful  weirs  of  the  types  discussed  above 
leads  to  the  following  general  principles  of  design.  The  weir  should  be  con- 
sidered not  as  a  dam,  but  as  a  carpet  laid  over  the  sand  so  as  to  prevent  erosion. 


SkrtCH  No.  185.— Bara  Weir, 


Percolation  under  this  carpet  is  dangerous,  and  can  best  be  checked  by  a 
coating  of  puddle  covered  with  stone  upstream  of  the  crest  of  the  weir.  If 
marked  percolation  occurs,  the  danger  lies  not  so  much  in  the  actual  percola- 
tion, as  in  the  removal  of  sand  front  under  the  weir,  thus  forming  a  definite 
channel.  Consequently,  reversed  filter  beds  at  the  tail  of  a  weir  are  a  very 
valuable  means  not  so  much  of  checking  percolation  (for  they  probably  increase 
it),  as  of  preventing  the  dangerous  effects  of  percoiation.  From  this  point  of 
view,  rigid  masonry  in  a  weir  is  a  mistake,  as  it  prevents  the  stone  carpet  from 
falling  in  and  filling  up  any  defined  channels  that  may  form.  On  the  Other 
hand,  if  there  is  no  covering  of  large  blocks  or  rigid  masonry,  the  upper  stones 
of  the  carpel  are  likely  to  be  displaced  and  carried  away  by  floods.  Thus,  the 
masonry  portion  of  the  weir  should  be  supported  by  shallow  drop  walls  at 
frequent  intervals,  and  should  be  as  thin  as  is  consistent  with  resisting  the  wave 
action  of  the  overflowing  water,  and  the  upward  pressure  caused  by  perccdation. 
■  Even  the  masonry  of  the  Lower  Chenab  weir  is  thicker  than  is  requisite  if 
an  upstream  apron  is  put  in  ;  although,  until  this  upstream  puddle  coating  was 
laid,  the  uplifting  pressures  were  sufficient  to  severely  tax  the  masonry,  and  a 
smaller  thickness  would  probably  have  failed. 

A  masonry  core  wall  at  the  tail  of  Ihe  downstream  apron  is  of  course 
necessary  in  order  to  prevent  erosion,  should  the  talus  blocks  be  removed. 
Such  walls  are  not  intended  to  sustain  water  pressure  in  the  sense  that  the  dam 
or  curtain  wall  does.    The  smaller  drop  walls  serve  two  puqwses,  they  asust  in 
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localising  any  damage  done  to  the  a.pron,  and  also  act  as  chases  to  prevent 
the  formation  of  percolation  channels  immediately  beneath  the  stonework.  It 
would  therefore  appear  that  they  should  be  numerous  and  shallow,  rather  than 
few  and  deep.  The  upper  surface  of  the  downstream  apron  should  be  of  cut 
stone  in  hydraulic,  mortar,  pointed  with  cement,  and  should  be  carefully 
inspected  during  each  period  of  low  water. 

If  these  ideas  are  followed  to  their  logical  conclusion,  the  proportioning  of  a 
weir  would  probably  be  as  follows  : 

(i)  The  dam  wall  would  be  made  rectangular,  and  of  a  thickness  such  that : 

Vp-i 

where  p  is  the  specific  gravity  of  the  masonry.  The  foundation  level  of  the 
dam  wait  nould  then  be  fixed  by  a  consideration  of  the  pressure  produced  on 
the  sand  ;  or,  in  practice,  would  probably  be  laid  as  deep  as  the  subsoil  water 
level  permitted. 

(ii)  The  downstream  slope  would  be  of  good  masonry,  of  sufficient  thickness 
to  resist  the  action  of  the  water  passing  over  it  (say  2  feet  in  ordinary  cases,  and 
3  feet  where  severe  action  was  anticipated).  These  remarks  only  apply  to  a 
weir  belonging  to  type  (C)- 

<iii)  The  length  of  the  upstream  apron  of  puddle  clay  and  concrete  blocks 
would  then  be  calculated  by  the  condition  that  the  percolation  pressure  H— A, 
acting  on  the  downstreatn  apron  was  not  sufficient  to  blow  it  up,  or  say  : 
H— A  =  3  feet  when  the  downstream  apron  was  2  feet  thick. 

The  downstream  apron  would  provide  the  remainder  of  the  length  2S=;H(, 
which  is  required  to  prevent  localised  percolation.  A  drop  wall,  or  line  of 
sheet  piles,  would  then  be  placed  at  the  tail  of  the  downstream  apron  in  order 
to  check  local  erosion.  The  downstream  talus  of  square  concrete  blocks  would 
then  be  continued  so  as  to  provide  the  required  total  length  L,  given  by  Bligh's 

The  general  agreement  with  the  Chenab  weir  as  originally  constructed  is 
obvious,  provided  that  the  fatal  defect  caused  by  the  absence  of  the  upstream 
apron  is  neglected. 

The  above  proposals  lead  to  a  design  which  contains  the  minimum  possible 
quantity  of  cut  stone  masonry.  Although  probably  more  bulky  than  the  present 
designs,  it  will  prove  cheaper,  as  the  extra  bulk  consists  of  clay  and  concrete 
blocks  (t>.  hydraulic  lime  concrete),  and  these  are  cheap.  Also  the  larger 
portion  of  the  impermeable  coating  is  found  in  the  upstream  apron,  where  it  is 
subject  to  but  slight  erosion. 

When  this  design  is  sketched  out,  it  will  probably  be  found  that  the  differ- 
ence of  level  between  the  top  of  the  weir  and  the  normal  bed  level  is  such  that 
the  downstream  apron  is  obviously  somewhat  short  (it  certainly  will  be  so  if 
tested  by  Bligh's  empirical  rules),  and  the  tail  cut-off  wall  is  therefore  somewhat 
higher  than  usual.  A  modified  design  with  a  somewhat  longer  apron,  and  con- 
sequently a  somewhat  lower  tail  cut*off  wall,  will  therefore  prove  cheaper.  The 
final  design  can  best  be  arrived  at  by  trial  estimates  of  cost,  and  will  greatly 
depend  upon  the  unit  prices  of  masonry-,  concrete  blocks,  and  the  material  of 
which  the  cut-off  wall  is  composed  (which,  in  India,  is  usually  masonry  wells ; 
and  in  other  countries  is  probably  steel  sheet  piling).    Finally,  the  location  of 
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the  standing  wave  must  be  considered,  and  estimates  of  the  relative  costs  of  an 
extension  of  the  masonry  apron,  or  the  provision  of  an  extra  thickness  of  con- 
crete blocks  where  the  wave  occurs,  must  be  made. 

So  far  the  question  of  the  relative  cost  of  work  done  in  the  dry  if^.  the 
masonry  tail  apron),  and  of  work  done  in  the  wet  {f.g.  the  fouadattons  of  the 
dam  wall,  and  possibly  the  puddle  clay  upstream  apron)  has  not  been  considered, 
but  this  will  also  have  some  influence  upon  the  final  design. 

Mcdnienancf  of  Weirs. — The  maintenance  of  a  weir  requires  the  careful 
attention  of  a  skilled  engineer  during  each  low  water  season.  It  is  so  much 
a  question  of  local  knowledge  thai,  contrary  to  the  usual  practice  in  Public 
Services,  the  officer  in  charge  is  rarely  transferred  to  any  other  post. 

The  work  usually  consists  of  the  following  repairs: 

(i)  On  the  masonry  work.  Re-pointing  all  eroded  joints,  the  renewal  of  all 
displaced  stone,  and  the  careful  smoothing  off  of  all  irregularities  and  filling  up 
of  all  hollows. 

(ii)  Concrete  blocks.  These  are  examined  and  replaced.  The  advantage 
of  being  able  to  inspect  as  much  of  the  work  in  the  dry  as  is  possible  is  obvious, 
and  forms  the  principal  objection  to  the  upstream  apron.  For  this  reason,  a 
design  in  which  the  upstream  apron  is  not  at  bed  level,  but  is  say  from  4  to  5 
feet  below  the  weir  crest,  is  preferable ;  for  ring  banks  of  sand  can  then  be 
cheaply  constructed  so  as  to  permit  an  examination  of  the  weak  spots  which  are 
disclosed  by  soundings. 

The  maintenance  of  the  talus  is  less  difficult,  as  a  bare  patch  is  not  neces- 
sarily dangerous.  In  some  rivers  il  is  passible  to  expose  the  major  portion  of 
the  talus  during  low  -water  seasons.  Where  this,  is  not  possible,  as  at  Khanki 
(Chenab),  the  places  which  require  repairs  are  found  by  soundings,  or  by  wading 
over  the  talus.  A  small  island  of  loose  sand  is  then  made  at  the  spot  discovered. 
Concrete  blocks,  previously  prepared  and  seasoned  in  the  block  yard  which  is 
attached  to  eaf:b  headworks,  are  laid  on  this  island ;  and  the  weir  shutters 
above  the  island  are  manipulated  so  as  to  .direct  a  current  of  water  against  the 
sand.  The  sand  scours  away  j  and,  when  the  process  is  skilfiUly  managed,  the 
block  can  be  dropped  into  place  to  a  nicety.  It  must,  however,  be  remembered 
that  the  regular  horizontal  talus  where  blocks  are  carefully  arranged  in  order, 
rarely  exists  in  practice. 

Talus  repairs  are  occasionally  effected  in  Egypt  by  iilhng  the  interstices  with 
ballast,  and  then  grouting  up.  The  talus  is  more  regular  than  is  usual  in  the 
Punjab,  and  this  process  may  assist  in  obtaining  the  result.  The  Nile  floods, 
however,  are  believed  to  be  far  less  severe  in  their  action  than  those  of  Indian 
rivers,  and  in  any  case  it  is  a  matter  of  doubt  whether  the  orderly  arrangement 
shown  in  the  drawings  is  best  for  the  weir. 

special  Precauiions  to  be  adopted  in  the  Cemtruction  of  Weirs. — In  all 
hydraulic  constructions  founded  on  permeable  soil  or  sand,  springs  or  "boils" 
may  be  expected  to  occur  in  the  area  exposed  when  laying  their  foundation. 
In  fact,  the  absence  of  such  springs  may  generally  be  regarded  as  a  sign  that 
the  foundations  are  too  shallow,  and  should  be  deepened. 

If  properly  treated,  these  springs  give  but  little  trouble.  On  the  other  band, 
if  they  arc  either  disregarded,  or  if  their  liow  is  checked  before  proper  prepara- 
tions have  been  made,  they  will  inevitably  burst  out  in  some  other  locality, 
usually  just  where  their  presence  is  least  desired. 

In  the  first  place,  it  should  be  realised  that  the  ring  banks  which  enclose  the 
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working  area  must  he  set  well  bade  from  the  work,  and  it  will  be  fotmd  that  a 
far  larger  area  than  that  of  the  work  itself  can  advantageously  be  univatered. 
In  my  own  practice,  I  have  usually  located  these  banks  by  the  rule  that  a  line 
drawn  from  the  bottom  of  the  foundation  excavation  to  the  water  level  ia  firont 
of  these  hanks  shall  in  no  case  have  a  greater  slope  than  i  in  la 

This  may  be  regarded  as  a  minimum  in  small  works  where  the  extra  area 
thus  taken  in  forms  a  lai^e  portion  of  the  whole  area  surrounded  by  the  bank. 

£ven  flatter  slopes  may  be  considered  advisable  in  large  works,  as  the  extra 
width  secured  is  useful  for  such  purposes  as  temporary  railway  lines,  and  the 
stor^e  of  material. 

Each  spring,  or  boil,  that  occurs  must  be  separately  dealt  with.  The  ruling 
principle  is  that  the  spring  must  not  be  covered  with  masonry,  or  in  any  way 
sealed  up  until  it  is' surrounded  by  a  ring  of  firmly  set  masonry  of  so  large  an 
area  that  the  spring  when  sealed  up  will  find  it  more  easy  to  burst  up  outside 
the  area  covered  by  the  masonry,  than  in  any  portion  of  lifts  area.  Thus,  if  a 
spring  ia  /  feet  distant  from  the  neamt  boundary  of  the  masonry,  it  should  not 
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Sketch  No,  186.— Closure  of  a  Spring. 

be  sealed  until  the  ring  of  well  set  masonry  round  it  has  a  radius  of  at  least 
/feet. 

Sketches  Nog.  186  and  187  show  two  methods  described  >by  Hanbury 
Brown  {Irrigalion  as  a  Branch  0/ EnginMring).  Here,  in  each  case,  masonry, 
or  concrete,  is  deposited  all  round,  and  as  close  to  the  spring  as  is  pos^ble 
consistent  with  the  water  of  the  spring  being  unable  to  wash  away  mortar  <tr 
cement  while  setting.  A  ring  of  brickwork  in  clay  is  then  built  up  ronnd  the 
spring,  and  the  water  is  allowed  to  rise  up  inside  this  ring  until  it  can  be 
ccmdncted  away  over  the  set  tnasonry  by  means  of  pipes  or  launders.  The 
masonry  is  then  carried  across  from  the  scar  end  of  the  set  masonry  to  this 
temporary  ring  of  bricks  in  clay,  and  the  sand  through  which  the  spring  bubtdes 
is  carefully  dug  out  (say  12  inches  below  foundation  level),  and  the  space  is 
filled  in  with  ballast  so  as  to  form  a  reversA  filter.  This  masoniy  having  set, 
a  tube  perforated  with  holes  is  placed  so  as  to  carry  away  the  water.  The 
brickwork  in  clay  is  then  removed,  and  the  whole  vacant  space  is  built  in  with 
cement  masonry,  or  concrete,  the  tube  being  left  open  bo  as  to  permit  the 
water  to  pass  away  freely.  When  this  last  material  is  thoroughly  set,  the  tube 
44 


D,=;,lz...,'C00g[c 


690 


CONTROL  OP  WATER 


is  closed  ofT  by  a  screw  cap.  The  second  arrangement  where  the  draining' 
lube  is  horiiontal  and  discharges  into  the  imall  well  A  (see  Sketch  No.  187), 
which  is  kept  free  from  water  b}'  means  of  a  band  pump,  is  preferable.  In  vaj 
own  practice,  where  a  vertical  tube  had  to  be  used,  1  have  been  accustomed  to 
screw  on  a  second  length  of  tube  (aay  10  feet  high),  and  to  pour  in  cement 
grout.  Then,  unless  the  spring  water  issues  under  a  pressure  exceeding  ao  feet 
head,  the  grout  is  injected  into  the  ballast  and  fills  all  the  void  spaces  which 
may  have  been  produced  under  the  set  masonry  while  excavating  roond  the 
^ring. 

This  method  must  be  used  in  springs  under  a  pressure  such  that  the  water 
riMs  well  over  the  top  of  the  completied  masonry.  It  obviously  entails  a  good 
deal  of  costly  work  in  cement,  masonry,  or  concrete.  In  India  the  springs  do 
not  usually  issue  at  a  very  high  pressure,  and  it  is  generally  possiUe  to  build 
a  small  wall  of  brick  in  day,  or  sand  bags,  round  the  >i»ing,  to  such  a  height 
that  the  spring  cea^  to  flow,  the  pressure  <^  the  water  ponded  up  inside  this 
wall  being  adequate  to  stop  the  flow.  In  such  cases  it  is  sufficient  to  build  a 
wall,  and  to  deposit  rich  hydraulic  lime  concrete  over  the  whole  area  occupied 
by  the  spring,  and  to  remove  the  wall  when  this  has  set.    The  wall  should  be 


Sketch  No.  187.— Cloture  of  ■  Sprii^. 


absolutely  water-tight,  for  if  any  water  is  allowed  to  escape  the  time  may  be 
removed  from  the  concrete,  and  setting  will  consequently  be  prevented. 

In  certain  cases,  none  of  the  above  methods  are  sufficient,  and  the  spring  is 
then  probably  not  of  local  origin.  For  example,  there  are  at  least  two  springs 
in  the  Delta  barrage  (Egypt)  which,  judging  from  their  tempeniture,  are 
probably  not  directly  derived  from  the  Nile.  The  best  that  can  be  done  in 
such  cases  is  10  guide  the  spring  away  from  the  work  by  building  masonry  over 
it,  and  injecting  grout  over  iu  original  site,  after  the  spring  has  made  its 
appearance  outside  the  work.  A  thick  reversed  filter  covered  with  loose  blocks 
of  concrete  or  stone  should  then  be  laid  over  the  final  exit. 

Well,  or  PiU  Junctions.— k.  Mac  of  wells  or  metal  sheet  piling  is  &eqnemty 
used  as  a  cut-off  walL  Examples  exist  in  the  Esneb  barr^e  (cast-inK)  [Miiiy), 
and  in  the  Jhelum,  and  other  Indian  weirs. 

The  section  of  the  Esneh  piles  is  shown  in  Sketch  Na  8a  (p.  320}.  Af^  the 
piles  have  been  driven,  the  juoctiolA  are  Duide  watertight  by  cleaning  out  the 
space  between  the  piles,  with  a  water  jet,  and  then  injecting  cement  gnwt 

In  most  of  the  Indian  weirs  the  line  of  wells  is  assumed  to  be  suffidendy 
watertight,  the  wells  being  square  in  section,  and  sunk  very  dose  to  each 
other.    The  Indian  well  sinkers  are  vary  skilful,  and  prabaUy  wateitigbtness 
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is  eventually  secured  through  the  staoching  by  silt  that  occuis  as  the  weir  grows 
older.  In  one  case,  where  auch  a  line  of  walla  was  momentarily  exposed,  the 
interstices  appeared  to  be  filled  with  a  material  reaembling  good  puddle.  In 
Egypt,  the  sand  being  finer,  and  the  well  sinkera  less  skiUiil  than  in  India,  more 
systematic  measures  have  been  adt^ted.  Hanbury  Brown  {ut  tupra)  describes 
the  work  at  Shubra  as  follows  : 

The  wells  were  sunk  6  inches  apar^  and  piles  of  half-inch  steel  plate, 
stiffened  with  T  irons,  were  driven  upstream  of,  and  close  to,  the  wells. 


fat  sane  ustiiMf^peOfMe    . 
limestone    Ifock 

Sketch  No.  188. — Stockiamming  ofa  Fusure  onders  Dun. 

A.  pipe  was  then  water-jetted  down  to  the  level  of  the  bottom  of  the  weDs 
in  each  angle  bctiveen  the  piles  and  the  wells,  and  was  filled-with  sand  in 
order  to  exclude  the  grout  from  the  floor.  The  floor  being  completed  (in 
this  particular  case  the  floor  was  of  loose  rubble  grouted  with  cement),  the 
pipes  were  cleared  of  sand  and  were  run  in  with  gronb  The  above  is  an  exact 
description  ;  but,  in  my  opinion,  the  pipes  should  have  been  -grouted  prior  to 
the  floor  being  gtouted,  as  there  is  no  assurance  that  the  cleaning  of  the  pipes 
did  not  produce  a  void  under  the  rigid  grouted  floor. 
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Undbrsluices,  or  Scouring  Sluices.— Tbe  principles  governing  the 
design  of  the  masonry  portion  of  undersluicea  are  the  same  as  those  employed 
in  weir  design.  Although  the  water  does  not  fall  over  the  understiiices,  it 
rushes  through  them  when  opened  for  scouring  purposes,  with  a  velocity  iriiich 
often  exceeds  the  Aood  velocity  over  the  weir.  Thus,  the  maaonry  apnms  must 
be  quite  as  thick  as  in  the  weir,  and  tail  erosion  is  probably  more  intense.  The 
upetreahi  apron  of  an  undersluice  is  more  liable  to  erosion  than  in  a  wdr,  and 
nanst  therefore  be  made  thicker,  and  cannot  be  relied  upon  to  the  same  extent 
as  in  a  weir.  This  is  not  of  very  great  importance,  as  the  total  length  of  the 
downstream  apron  and  talus  pitching  required  below  the  undetsluices  is  for 
greater  than  is  necessary  in  a  weir.  The  difference  is  probably  intimately 
connected  with  the  fact  that  inspection  and  maintenance  arc  obviously  less  easy, 
and  marked  erosion  is  consequently  more  likely  to  occur. 
Bligh  has  reduced  the  matter  to  the  following  rules  : 
Total  length  of  downstream  apron  and  talus  pitching  is  equal  to 

where  the  symbols  have  the  same  meaning  as  in  the  similar  equation  relating 
to  weirs. 

The  length  of  the  downstream  apron  is  equal  to  jCiU  — ^ 

The  rules  are  empirical,  and  agree  less  closely  with  practice  than  the 
similar  rules  for  weirs.  This  fact  is  not  surprising.  The  stability  of  the 
foundations  of  undersluices  almost  entirely  depends  upon  the  amount  of  tail 
erosion,  and  this  is  still  more  influenced  by  local  conditions  than  is  the  case  in 
weirs.  For  example,  if  a  river  is  worked  on  the  new  Rupar  method  (see  p.  £59) 
erosion  at  the  undersluice  tail  only  occurs  during  floods  when  the  difference  of 
level  producing  percolation  under  the  floor  is  but  small.  Whatever  erosion  has 
then  occurred  is  rapidly  filled  up  soon  after  the  flood  ceases  by  the  coarse 
silt  scoured  out  froih  the  silt  trap.  In  a  river  which  is  worked  in  the  old  method 
of  regulation  by  undersluices  only,  erosion  may,  and  does,  occiu:  luring  the 
entire  season  of  low  water.  The  water  causing  theerosion  is  probably  (relatively 
to  the  normal  river  water)  somewhat  devoid  of  bed  silt,  as  it  has  passed  in  frtml 
of  the  canal  head,  which  is  known  to  produce  disturbances  which  tend  to  nuse 
the  bed  silt 

Bligh's  rules  appear  to  agree  best  with  the  construction  of  undersluices  on 
rivers  which  are,  I  believe,  still  (or  were  at  the  date  of  the  drawings)  woiked 
on  the  older  methods. 

The  method  of  working  also  influences  the  necessary  width  of  the  imperme- 
able masonry  apron.  In  undersluices  worked  on  the  new  principles,  the  width 
of  impermeable  masonry  shown  in  the  drawings  is  only  about  one-half  to  two- 
tfairds  that  given  by  Bhgh's  rules.  The  explanation  is  obvious.  The  masonry 
bed  of  the  upstream  ult  trap  forms  a  fairly  efiicient  impermeable  apron,  as  the 
interstices  are  stanched  by  fine  silt  The  design  is  also  affected  by  the  bet 
that  the  talus  is  considerably  wider  than  is  the  case  in  wein ;  so  that  under 
the  new  prindples  of  river  regulation  downstream  erosion  is  less  likely  to  occur 
briowlthe  undersluices  than  bdow  the  weir. 

The  foundations  of  the  piers  of.  undersluices  need  carefdl  cmsideration. 
The  pressure  on  their  tiase  is  great,     in  Indian  practice,  the  piers  are  usually 
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fotuded  on  lines  of  writs  lunk  to  «  deptb  which  U  at  least  equal  to  die  total 
linght  (tf  the  masonry  pier  abbve  the  foutklation  lereL 

Under  the  conditions  prevailing  in  India,  this  is  probably  tbe  die^est 
aolntion. 

In  Egypt,  and  in  Countries  where  well  unlcers  are  less  eiperti  and  pUiag  is 
moie  easily  obtained  than  in  India,  tbe  pier  foundatioQs  are  carried  4own  as 
far  as  the  subsoil  water  level  permits,  and  the  whole  area  covered  by  each 
individual  pier  foundation  is  surrounded  by  steel  or  cast  iron  piling,  well 
grouted  at  all  interstices  (see  p.  690).  The  normal  depth  of  the  bottom  of  this 
piling  appears  to  be  about  15  or  20  feet  below  tbe  subsoil  water  level ;  and  as 
this  apparently  suffices,  the  Indian  type  of  well  foundation  is  probably  (con- 
sidering the  coarser  grade  of  Indian  sand)  somewhat  deeper  than  is  necessary. 
As  a  matter  of  experience,  I  have  never  been  able  to  find  any  record  of  pre- 
judicial cracks  or  weaknesses  in  the  piers  of  any  Indian  undersluices. 

\  study  of  the  thiclmess  of  floors  of  undersluices  in  the  light  of  the  theory 
already  developed  for  weirs  leads  to  somewhat  puzzling  results. 

If  Bligh's  rule : 

/=4H->» 

is  accepted  as  correct,  nearly  all  undersluice  floors  (as  at  present  constivcted) 
are  fottnd  to  be  too  thin.  Thus,  at  Khajiki,  /  =  4  feet,  where  the  theory  Would 
give  7's  feet ;  and  at  Narora,  /  =  S  feet,  and  theory  requires  10  feet  Neither 
of  these  works  has  ever  shown  signs  of  failure.  Equilibrium  is  possibly 
secured  by  the  load  produced  by  the  weight  of  the  piers,  and  if  this  is  the  case, 
the  floor  between  the  piers  acts  as  an  arch,  which  it  is  certainly  capable  m 
doing  when  its  thickness  and  span  are  considered.  A  more  probable  sup- 
position, however,  is  that  the  paved  silt  trap  upstream  of  the  undersluices 
ra^dly  becomes  so  stanched  with  silt  as  to  act  as  an  upstream  apron.  The 
question  deserves  careful  consideration  in  view  of  the  fact  that  the  modem 
tendency  is  to  use  Stoney  gates  of  large  span,  and  to  put  in  as  few  piers  as 
possible. 

Bligh  suggests  that  the  action  of  the  out-rushing  water  should  be  con- 
sidered as  the  factor  determining  the  thickness  of  these  apron  floors,  and  finds 
empirically  that 

/si. 
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where  H,  is  the  maximum  head  which  the  undersluices  sustain.  A  similar 
divergence  between  theory  and  practice  is  found  in  regulators,  and  the  fact 
that  neither  of  these  works  is  continuously  exposed  to  the  maximum  head  H, 
may  explain  the  matter.  Nevertheless,  the  question  cannot  be  considered  as 
settled,  and  deserves  further  investigation. 

The  proportions  of  piers  must  be  determined  as  in  the  case  of  a  dam.  The 
thrust  produced  by  the  water  pressure  acting  on  the  pier,  and  the  two  halves 
of  the  sluice  gates  on  either  side  of  it,  can  be  calculated.  This  can  be  com- 
pared with  the  weight  of  the  pier  and  arches  and  roadway  (deductions  being 
made  for  all  portions  of  the  masonry  upstream  of  the  gates  which  are  sub- 
merged in  water).    The  resultant  must  fall  within  the  middle  third. 

The  discharge  of  undenloiaes  is  usually  fixed  by  a  considernion  of  the 
area  of  tlie  obstruction  of  tbe  natural  river  channel  produced  by  the  weir.    The 
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afflux,  or  rise  in  the  water  level  upstream  of  the  •max  compared  with  that  down- 
stream of  the  weir  (which  may  be  regarded  as  the  natural  level  of  the  highest 
floods  in  the  rivet)  is  calculated.  The  formulae  employed  for  the  weir  discharge 
are  given  on  page  133,  and  for  the  undersluices  on  page  164.  The  calcalatiou 
is  important  in  determining  the  height  to  which  the  undersluice  gates  should 
be  raised,  or  when  damage  to  land  or  [o  the  canal  works  is  considered. 


Sketch  No.  189.— Rnpu  Undenloices. 

There  wu  originallT  134  feet  of  boulder  pitching  dowDMiesm  of  A.  Thii  is  no  looger 
viable,  and  a  deep  hole  ezisU  from  50  to  loo  feet  downsCreun  of  A.  As,  howerer,  ■ 
my  few  concrete  blocks  every  year  Icoep  the  retuniog  wnll  fonDdadooi  secure  it  b 
pT(ib«Ue  that  the  pitching  exists  beneath  the  auA  roibce. 


Stne    laoers/utes 
Sketch  No.  igo.— Bengal  Gates. 

The  method  of  determining  the  capacity  of  the  undersluices  appears  to  be 
illogical.  Undersluices  are  not  provided  for  flood  disposal  purposes,  although 
they  are  used  for  passing  flood  water.  Their  essential  function  is  to  regulate 
the  river,  and  above  all  to  scour  out  silt  deposits  in  front  of  the  canal  head. 
Thus,  the  discharge  capacity  of  undersluices  should  be  a  function  of  the  low- 
water  discfaa^^e.    I  saggest  tbat  the  nnderaluices  should  be  citable  of  pasung 
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the  averse  diachaTge.  of  the  tbtM  low-water  months  when  the  water  ia 
headed  up  to  the  top  trf  the  masonry  of  the  weir,  and  the  discharge  of  the 
maxtmtun  ordinary  low-water  freshet  when  the  water  is  headed  up  to  the  top 
of  the  shutters.  It  is  believed  that  the  capocitiea  thus  calculated  agree  ^rly 
well  with  those  provided  in  Dxisting  works.  Since  undenloices  ace  scourin{^ 
machines,  it  hardly  appeus  necessary  to  state  that  the  openbgs  should  be  as 
wide  as  possible  (say  30  to  25  or  even  30  feet  in  spanX  and  that  they  should 
be  provided  with  Stoney  gates.  The  old  Bengal  type  of  gate  (see  Scetdi 
No.  190)  is  cheap,  and  relatively  obstructs  floods  less  than  the  aKrhed  typ^ 
and  may  also  be  em[doyed  in  clear  water  streams  where  silt  is  not  feared,  and 
where  the  river  is  regulated  by  means  of  undershiices.  It  is  useless  in  cases 
where  the  regulation  is  effected  by  means  of  the  weir  shutters. 

The  above  treatment  of  undersluices  is  obviously  deficient.  The  facts,  I 
believe,  are  as  follows,  the  theory  is  incomplete,  and  owing  to  the  rapid  intro- 
duction of  the  new  methods  of  river  regulation  (p.  661)  a  study  of  existing 
designs  is  not  likely  to  be  very  useful.  A  large  number  of  sections  have  been 
collected  by  Buckley  {Irrigation  Works  of  htdid).  I  believe  these  to  be 
strong  enough  for  the  old  methods  of  regulation,  and  if  so  they  arc  over  strong 
when  the  newer  methods  are  employed.  With  one  marked  exception,  the 
undeisluice  is  usually  that  portion  of  the  headworks  that  gives  least  trouble  in 


SxRTCH  Na  191.— Lower  jhdum  Undenloices. 

maintenance,  which  is  usually  a  mere  matter  of  routine,  so  many  hundred  cube 
feet  pf  blocks  deposited  in  the  downstream  pitching  per  year. 

Canal  Regulators.— The  control  of  the  quantity  of  water  admitted  into 
a  canal  or  any  one  of  its  branches  is  usually  effected  by  means  of  a  series  of 
sluice  gates  erected  in  a  wooden  or  masonry  structure  across  the  canal.  The 
term  regulator  is  a  convenient  description  of  the  whole  structure.  The  typical 
regulator  consists  of  a  series  of  piers  which  carry  the  sluice  gates ;  and,  for 
convenience,  the  openings  thus  afforded  are  usually  arched  over  so  as  to 
provide  a  platform  for  the  machinery  which  is  used  to  raise  or  lower  the  gates, 
and  this  platform  generally  forms  a  pass^e  for  traffic  1  do  not  propose  to 
consider  the  design  of  the  platform,  as  this  depends  upon  local  conditions. 

HSAD  RSGULATORS.— The  regulator  at  the  head  of  the  main  canal  which 
controls  the  quantity  of  water  admitted  to  the  whole  system  is  one  tA  the  most 
in^M>rtant  works  connected  with  a  canal,  and  its  design  largely  influences  the 
whole  state  of  the  canal,  and  above  all  its  silt  regime. 

Canals  for  flood  irrigation,  or  inundation  canals,  are  not  usually  provided 
with  head  regulators.  This  defect  (for  it  must  be  considered  as  such  from  a 
scientific  paint  of  view)  must  be  accepted  in  many  cases,  for  the  floods  of  rivera. 
which  rise  to  a  sufficient  height  to  inundate  the  surrounding  country  are  usually 
9Q  vioknt  as  to  cause  large  and  widespread  erosi<Mi  of  their  banks,  which 
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would  sooner  or  later  destroy  any  Tegulatov.  The  water  brought  down  by  the 
floods  usiully  contains  sufficient  silt  to  render  the  cbokin^df  the  bead  readi 
of  the  canal  in  one  year  quite  possible  under  un&vourable  drcumstances. 
Thnst  the  annual  silt  clearances  of  such  canals  may  be  partly  regarded  as  the 
price  which  is  paid  for  dispensing'  with  a  regulator.  Nevertheless,  once  a 
river  has  been  got  under  control,  it  will  frequently  be  found  advisable  to  provide 
one  large  regulator,  and  to  admit  through  it  the  water  which  is  requiivd  for 
several  inundation  canals.  The  Jamrao  canal  in  Sind  {PJ.C^.,  vol.  157, 
p.  Z7S),  and  the  Ibrahimiya  canal  in  Egypt  are  cases  where  this  improvement 
has  been  carried  out,  and  these  examples  illustrate  the  substitution  of  perennial 
for  flood  irrigation  which  uenally  takes  place  when  these  regulation  works  are 
carried  out. 


SkbtckNo,  191.— 'Lower  ChenabRi^uktor{i]  and  UDdenluieet  (a). 


The  design  of  a  head  repilator  largely  depends  upon  the  followmg 
ct)t)ditiOns : 

(a)  The  difference  between  the  bed  level  of  the  canal  (or  the  kmesl  water 
level  in  the  canal  in  cases  where  the  canal  is  never  dosed  down),  and  the 
highest  flood  level  (corrected  for  the  afflux  produced  by  the  weir  if  one  exists) 

(^  The  quality  of  the  silf  carried  by  the  river,  and  its  liability  to  deposit 
in  the  canal. 

Thfe  diffference  of  leviel  specified  above  is  the  masdmum  head  of  water  wMch 
the  regulator  is  required  to  sustain.  The  circnmstances  differ  widely  from 
those  which  exist  in  weirs  and  undersluicts  ;  for,  although  the  work  is  usually 
founded  upon  soil  which  is  as  permeable  as  that  which  supports  the  weir  and 
undersluices,  tail  erosion  does  not  occur.  Thus,  the  theory  already  given  00 
^ge393  indicates  that  the  depth  of  the  core  or  cut-off  wallS' is  of  more  import- 
ance than  the  breadth  of  the  impermeable  apron.    At  firu  »igbt  this  atartcnutt 
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does  not  seem  to  be  confirmed  by  a  study  of  the  des^s  of  existing  works. 
Except  at  Khanki  (Sketch  Na  191),  Okla,  and  pomitly  some  al  the  Madras 
weiiB,  the  core  walls  of  the  regulators  are  carried  but  litite,  if  at  all,  deeper 
tbu  those  t)i  the  weir  and  ondertduices  (oompare  Sketch  No.  193  with  Noa. 
191  and  168).  In  the  ease  of  some  Egyptian  works  the  cote  walla  of  the 
regnlatm^  are  constderaUy  more  shallow  than  those  of  the  weirs  and 
tmderriiHccs. 

It  mu8t  be  remembered  that  in  India,  at  any  rate,  the  core  walls  are  almost 
invariaUy  carried  down  to  as  great  a  depth  as  local  conditions  permit.  There 
is  no  doabt  that  In  many  places  the  constructional  engineers,  taking  advantage 
of  exceptKmally  favourable  local  conditions  at  the  tegulator  site,  have  carried 
the  regubUOT  core  walls  to  a  greater  depth  than  that  shonrn  in  the  <iesiginK 
In  some  of  the  new  projects  this  procedure  has  been  sanctioned  for  adoption 
wherever  possible.  As  a  general  rule,  using  the  notation  given  on  pagv  393, 
wefind'lhvt  «— H,  or  that  the  depth  of  the  core  waU  is  eqiml  to  the  head  of 
water  retained.    The  rule  is  not  closely  followed  owing  to  the  circumstances 
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expkuned  above.    The  breadth  of  the  impermeable  apron  is  Usually  given  by 
the  following  rules  of  Bligh  : 

Class     I.  The  width  is  usually  determined  by  the  length  of  the 

piers  required  to  sust^a  tbe  water  pressure. 
Class     II.  For  coarse  sands,  as  in  Madras,  or  for 

the  usual  type  of  sand      .  ,    2^  =  2,  to  3H 

Class  III.  For  fine  (Punjab),  or  Bengal  sand.        .    ai  =  4,  or  jH 
Class   IV.  For  fine  silty  sand,  as  in  Egypt      .        .    2^  =  8,  or  9H 
It  will  be  noticed  [bat  these  figures  donoit  bear  a  ctmstaot  ratio  to  the 
similar  figures  given  for  weirs  or  undersluices  on  page  679. 
.    The  explai^cm  is  probably  to  be  found  in  the  fact  that  the  finer  the  sand 
the  more  easily  it  is  eroded ;  for  it  is  unlikely  that  the  relation  between  Ihtt 
bead  necessary  to  pnaduce  fountain  (ailute  and  that  required  to  induce  piping 
failure  through  an  equal  length  of  sand,  is, materially  afTected  by  the  site  of 
the  sand  grains.    It  is  also  probable  that  the  deeper  foundations  of  the  piers 
of  bodi  tcgulAtors  and  undersluices  produce  the  same  efiect  as  a  deep  core 
wall  across  the  whole  breadth  of  the  work. 

The  dimensions  of  the  piws  and  theii  foundations  are  proportioned  by 
the  rules  given  for  undersluicea.  The  thickness  of  the  masonry  floor  is  usually 
fiuily  dose  to  ^/ll ;  fant,  as  will  be  seen  when  ,the  Trebeni  design  is  discussed, 
local 'Conditions  may  cause  this  to  be  insuftcient. 
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Tlie  clear  water  way  through  the  regulator  should  be  relatively  large,  in 
order  to  minimise  any  disturbance  in  the  entering  water,  and  thus  reduce  silt 
troubles.  A  velocity  of  3  feet  per  second  should  not  be  exceeded  in  waten 
which  carry  sandy  silt.  In  rivers  which  carry  boulders  and  gravel,  the  usual 
rule  is  5  feet  per  second  ;  and  7  feet  per  second  is  certainly  too  high.  In  my 
o^nion,  3*5  to  4  feet  per  second  should  be  adopted  in  these  cases  wherever 
passible.  The  advantages  of  large  sluice  gates  are  obvious,  and  spans  of 
30  feet  are  usuaL  It  must,  however,  be  realised  that  until  quite  recently  the 
20  to  30  feel  spans  of  regulators  were  usually  divided  up  into  three  small  spans 
by  jack  piers  (see  Sketches  Nos.  192  and  193  and  p.  701}  and  that  our 
experience  of  30  feet  spans  is  limited.  Nevertheless,  1  see  no  reason  why 
spans  of  60  or  even  80  feet  should  not  be  adopted  with  advantage ;  fat, 
unless  the  retrograde  step  of  using  spans  of  10  or  15  feet  is  considered 
advisable,  Stouey  or  odier  "friclionless"  gates  must  be  used.  The  total 
cost  of  a  fixed  length  of  such  gates  largely  depends  upon  their  number,  as 


Sketch  Na  194,— Trebeni  Regulator. 

the  frictionless  gear  is  far  more  expensive  tban  the  steel  I  beams,  and  plating 
which  form  the  gates. 

In  silt-bearing  rivers,  it  is  desirable  to  design  the  regulator  so  that  water 
can  be  drawn  t^  from  the  siirface  of  the  river  at  whatever  level  this  may  be. 
The  arnLngements  adopted  entirely  depend  upon  the  variation  in  river  level, 
which  may  be  taken  as  the  difFerence  between  the  highest  flood  level  and  the 
top  of  the  weir,  or  its  shutters.  Sketch  No.  194  shows  the  Trebeni  (Bengal) 
canal  head,  which  is  admirably  adapted  for  cases  where  this  variation  ii  greaL 
The  projecting  double  arches  can  be  blocked  by  baulks  of  timber,  so  diat 
surface  water  alone  is  taken  into  the  canal.  The  design  is  an  excdlent  one, 
as  the  energy  of  the  water  which  falls  over  the  arches  is  dissipated  in  the 
water  cushion  that  can  be  maintained  by  the  manipulation  of  the  draw  gate ; 
and  if  damage  does  occur  from  this  cause,  it  will  be  found  on  the  upsticam 
side  of  the  sluice  gates,  where  it  can  do  least  harm. 

Tbe  front  arches  are  only  7*5  feet  in  span,  measured  parallel  to  the  length 
of  the  regulator  ;  and,  in  view  of  the  desirability  of  splitting  up  the  Calling  stream 
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into  small  bodies  (as  discussed  under  Falls,  see  p.  724)1  this  may  be  considend 
to  be  the  proper  siie.  In  the  existing  work,  the  sluice,  or  draw  gate  channel, 
is  only  6  feet  in  span  ;  but  this  might  with  advantage  be  increased  to  20,  or 
even  ij  feet,  if  Stoney,  or  other  modem  gates  were  used. 

The  sketch  of  the  Qushesha,  Egypt,  escape  (No.  195)  shows  a  very  interesting 
example  of  another  (and  in  my  opinion  far  more  costly)  method  of  dealing  with 
the  problem.  This  work  is  not  a  regulator,  but  is  an  escape  for  draining  a  large 
series  of  flood  irrigation  basins.  My  criticism  only  refers  to  the  adoption  of 
a  similar  design  for  a  regulator,  as  1  am  not  sufficiently  conversant  with  t^e 
local  requirements  to  state  whether  the  upper  falling  gates  are  required  in  the 
actual  work. 

The  cross-sections  of  the  Khanki  and  Rasul  head  regulators  (/.«.,  Sketches 
No.  192  and  No.  193)  show  the  application  of  the  principle  of  the  "raised  sill" 
(see  p.  660),  for  the  exclusion  of  silt  in  rivers  where  the  variation  in  level  is 
less  than  at  Trebeni.  Sketches  of  the  elevation  of  these  works  are  not  given, 
as  the  designs  were  made  prior  to  the  introduction  of  the  Stoney  sluice,  and 


Sketch  Na  195.— Qushesha  Escape. 

the  gale  spans  are  less  than  would  now  be  advisable.  The  Jamrao  canal  head 
(see  Sketch  No.  196)  is  better  designed  in  this  respect,  although  in  most  cases 
sluice  gates  would  have  to  be  substituted  for  the  regulating  beams  shown  in 
the  sketch. 

The  design  of  head  regulators  in  coarse  sand  foUows  the  same  principles. 

The  cross- sect  ions  of  the  Tajewala  regulator  and  of  the  Madhupur  regulator 
show  the  forms  of  raised  sill  adopted  in  rivers  which  carry  boulders  (see 
Sketches  Nos.  168  and  169). 

As  already  stated,  neither  of  these  works  can  be  considered  as  correct 
solutions  of  the  problem  of  excluding  gravel  and  sand  from  the  canal.  The 
rivers  are  not  properly  under  control.  If  ihey  are  ever  got  under  proper  control 
there  is  no  doubt  that  a  raised  sill  of  the  Rupar  type  will  soon  be  built  across 
the  regulator,  so  as  to  skim  the  surface  water  from  the  comparatively  still  pool 
that  will  then  exist  in  front  of  the  regulator.  At  present,  as  stated  on  page  662, 
the  engineers  construct  dams  across  the  river  as  it  fells,  after  the  flood  season  ; 
and  were  the  sill  level  any  higher  than  it  now  is,  it  would  probably  be  found 
impossible  to  secure  a  continuous  supply  of  water  in  the  canal  during  the 
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iaterval  between  the  last  flood  and  the  com^etion  of  the  temporary  legnlatiBg 
works.  The  adjustable  gates  used  at  Tajewala  permit  a  temporaiy  iwed 
sill  to  be  produced  during  the  low  water  season.  While  the  gmtes  thenuelvei 
and  the  6  feci  wide  arches  are  almost  prehistoric,  the  principle  is  a  good 

The  length  of  the  waterway  of  the  head  regulator  is  probably  one  of  the 
nost  important  factors  in  the  whole  design  of  a  hesdworits ;  and  there  is  do 
doubt  that  the  penalties  of  insufficient  waterway  are  very  forcibly  brought 
imder  the  notice  of  all  concerned  with  the  working  of  the  canal.  The  rules 
already  given  enable  the  nett  area  of  the  waterway  to  be  calculated,  and  if 
iuiy  divergence  from  these  rules  is  contemplated,  it  should  certainly  be  in  ihe 
dircctiot)  of  increasing  rather  than  reducing  the  area  of  the  waterway. 


Skbtch  No.  196.— Jamn 


iReguktM 


The  principles  of  the  calculations  concerning  the  length  of  free  waterway 
and  the  level  of  the  sill  of  a  canal  head  regulator  are  illustrated  by  the  figures 
given  in  the  "  Project  Report  of  the  Upper  Chenab  Canal." 

The  nett  waterway  of  the  canal  head  regulator  is  353'5  feet  long.  The 
raised  sill  will  be  3*5  feet  above  the  floor  of  the  silt  pocket,  and  298  feet  above 
the  canal  bed  level.  The  fuTI  supply  depth  in  the  canal  being  ii'56  feet,  the 
depth  over  the  sill,  considered  as  an  orifice,  is  B-jS  feet,  or  the  nett  area  is 
2177  square  feet.  The  maximum  discharge  of  the  canal  is  11,694  cusecs. 
Thus,  the  head  required  to  produce  this  discharge,  assuming  a  coefficient  of 
o'Bo  (see  p.  168),  is  given  by  the  equation  : 


=  5-40 ; 


r,  A  =  0'93  foot. 
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The  actual  difference  of  level  between  full  au]i()ly  in  tbe  ouhI  and  th«  top-  of 
die  shutters  is  I'oS  foot,  so  that  a  margin  of  o'lj  foot  head  remains  avulable  in 
cas«  the  canal  becomee  somewhat  silled. 

TbU  method  of  calculation  evidently  affords  a  somewhat  greater  margin 
than  stated,  for  the  discbarge  is  calculated  as  though  it  occurred  through  a 
submerged  orifice,  in  place  of  over  a  drowned  weir,  and  the  piets  of  the  legnbuor 
being  nicely  tapered  off,  the  coefRcient  0*80  is  probably  somewhat  low. 

If  the  accurate  drowned  weir  formula  is  used,  it  will  be  found  that  the 
available  margin  of  head  ia  O'2oi6ot-  U  is,  however,  plain  that  it  is  inadvisable 
to  force  tbe  engineer  in  charge  of  the  weir  to  head  up  the  river  to  the  level  of 
tbe  top  of  the  shutters,  except  on  rare  occasions,  lest  he  be  caught  by  a  sudden 
freshet.  The  whole  design  is  intended  to  keep  the  velocity  at  entry  low,  and 
it  will  be  found  that  tbe  ordinary  maximum  supply,  9320  ouees  (— ^x  I1694 
cuaecsX  can  be  passed  in  under  a  head  of  about  078  foot,  and  that  the  velocity 
will  not  exceed  4*33  foet  per  second.  This  value  is  probably  somewhat  high, 
and  a  waterway  proportioned  for  a  velocity  of  3,  to  3-;  feet  per  second  would 
be  preferable,  were  it  not  for  the  extra  cost  entailed  in  constructing  an  additional 
length  of  about  50  feet  of  regulator. 

The  design  considered  above  is  composed  of  13  bays,  each  24-5  feet  iride, 
and  each  separated  into  three  openings  6*5  feet  wide,  by  jack  piers  3'J  feet 
thick.  In  the  work  as  constructed,  however,  these  jack  piers  were  abolished, 
and  Stoney  gates  ij  feet  wide,  span  the  whole  opening  of  each  bay.  Thus,  the 
clear  waterway  is  3175  feet  long,  and  the  nett  area  as  finally  adopted  is 
3700  square  feet,  so  that  the  extraordinary  supply  passes  in  at  a  velocity  of 
4'34  feel  per  second,  and  the  "fiill  supply"  at  a  velocity  of  3'47  feet  per  second. 
Tbe  advantages  gained  by  the  use  of  Stoney  gates  of  large  span  are  excellently 
illustrated  by  these  figures.  It  may  be  remarked  that  the  original  designers 
were  well  aware  of  the  advantages  of  Stoney  gates,  but  were  hampered  by 
somewhat  peculiar  local  conditions.  Therefore,  being  competent  engineers, 
they  designed  the  work  so  that  little  difficulty  was  experienced  in  inserting 
Stoney  gates  when  these  local  conditions  ceased  10  exist. 

FallnrM  of  Regnlaton.— 'The  most  instructive  example  is  the  failure  of  the 
Menufiah  regulator  (a  portion  of  the  Delta  barrage  works  in  Egypt),  which 
occurred  on  tbe  z6th  December  1909.  The  failure  was  very  rapid,  the 
regulator  being  reduced  to  a  mass  of  masonry  fragments  within  an  hour  <rf  the 
first  signs  of  failure. 

Sketch  No.  197  shows  Mot^el  Bey's  original  design,  which  does  not  appear 
to  have  been  added  to  or  repaired  in  any  way.  The  regulator  was  the  only 
portion  of  the  Delta  barrage  which  was  held  not  to  require  the  grouting 
operations  described  on  page  9S1.  The  &iluie  is  stated  to  have  been  caused  by 
piping,  and  probably  only  one  defined  channel  existed  when  the  foilure 
commenced.  Personal  inspection  of  the  sheet  piling  permits  me  to  say  that 
the  downstream  line  of  piling  was  imperfect,  since  gaps  an  inch  «r  mote  in 
width  existed  in  many  places  between  adjacent  piles.  Otherwise,  the  con- 
struction was  first  rate  in  quality,  and  it  is  believed  that  the  whole  ^  the 
foundations  were  laid  in  the  dry.  In  my  opinion,  the  work  is  amply  safe 
against  piping  in  the  restricted  sense  in  which  I  consider  that  the  term  is  best 
employed.    The  failure  probably  occurred  in  tbe  following  manner : 

Fountain  failure  was  set  up  opposite  to  some  unusually  defective  porticm  of 
the  sheet  piling,  and  this  gradually  removed  tbe  sand  under  the  foundations 
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from  between  tbe  lines  of  sheet  piling.  A  void  space  was  finally  fbnned  under 
the  work.  Then  piping  began.  Once  sand  removal  started,  [be  masses  of 
stone  which  were  thrown  in  downstream  of  the  work  in  order  to  fill  up  the 
SCOUT  holes  produced  by  each  flood  were  of  but  little  assistance,  as  the  sand 
was  swept  through  the  interstices  between  the  stones,  so  that  the  work  was 
practically  in  the  same  condition  as  if  tail  erosion  had  occurred.  If  my  theory 
is  correct,  the  second  line  of  sheet  piling  upstream  was  positively  detrimental. 
The  fact  that  tbe  regulator  failed  when  it  retained  only  3  metres  (say  10  feet)  of 
water,  and  had  previously  on  frequent  occasions  retained  4  metres  (say  13  feet) 
without  showing  any  signs  of  failure,  is  of  conrse  not  surprising ;  for  once  a 
pass^e  extended  partly  across  the  breadth  of  the  foundations,  a  smaller 
pressure  would  sufhcc  to  complete  the  failure. 

The  circumstances  cannot  be  considered  as  typical  of  regulators  in  general, 
as  tail  erosion  is  known  to  have  occurred  to  such  a  degree  that  systematic 
soundings  were  taken  after  each  flood  with  a  view  to  ascertaining  its  extent. 

T^e  work  would  probably  have  been  saved  had  it  been  passible  either  to 
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prevent  this  erosion,  or  to  construct  a  satisfactory  and  sand-tight  cut-off  wall  to 
supplement  the  defective  sheet  piling.  The  clearest  lesson  to  be  drawn  from 
the  failure  is  that  engineeis  should  distrust  wooden  sheet  piling.  So  &r  as  I 
was  able  to  observe,  tbe  piles  were  originally  driven  very  closely  together,  but 
were  not  jointed  in  any  way  ;  aud  it  will  be  obvious  that  while  a  line  of  wells 
10  feet  in  thickness  may  be  said  to  be  practically  sand-tight,  even  when  the 
spaces  between  the  wells  are  6  inches  or  i  foot  in  width,  the  effect  of  a  i  inch 
gap  in  a  line  of  sheet  piling  which  is  6  inches  thick  at  the  most,  is  far  more 
detrimental.  It  will  also  be  plain  that  if  my  theories  concerning  tail  erosion 
are  accepted  the  drop  from  the  regulator  floor  to  the  canal  bed  is  a  mistake. 

Sconrliv  action  of  EiupM. — The  broad  principles  of  the  action  of  an 
escape  are  best  illustrated  by  an  example.  Let  us  consider  a  channel  which 
in  steady  flow  carries  6  feet  depth  of  water.  Let  us  suppose  chat  the  head 
regulator  is  opened  so  as  to  produce  a  depth  of  8  feet ;  bnt  that  the  escape 
being  opened  the  depth  at  the  escape  stiti  remains  6  feet,  part  of  the  water 
being  passed  out  by  the  escape,  and  part  going  on  down  tbe  canal.    The 
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flow  is  obviously  vari&ble,  and  the  depths  and  velocities  at  any  point  between 
the  head  and  the  escapes  can  be  calculated  by  the  rules  given  on  page  485.  For 
the  general  treatment  of  the  subject  it  will  suffice  to  note  that  the  velocity  at 
the  head  is  at  least  ris  (■=*/-)  times  that  during  normal  flow,  and  just  above 

the  escape  the  velocity  is  i';4  times  the  normal  value.  Kennedy's  rules  show 
that  the  quantity  of  silt  carried  forward  per  foot  width  of  the  channel  is  very 
approximately  proportional  to  t^**.  Now,  n5''**  —  i'44  approximately,  and 
i-54*-»*  =  3-00  approximately.  Thus,  if  the  normal  velocity  is  that  which  is 
just  sufficient  to  cany  forward  the  silt  which  exists  in  the  water  as  it  enters  the 
canal,  the  water  near  the  head  is  capable  of  carrying  forward  1*44  times  this 
quantity  of  silt  or  allowing  for  the  extra  quantity  of  water  entering  about 
075  X  i'44— 1*08  times  the  percentage  of  silt  existing  in  the  water.  The  water 
near  the  escape,  if  fully  charged,  will  carry  three  times  as  much  silt.  The  extra 
quantity  of  silt  thus  picked  up  being  relatively  coarse  in  size,  is  earned  forward 
as  bed  silt,  and'  is  probably  nearly  all  carried  thnnigh  the  escape  if  this  be 
designed  with  its  sill  a  foot  or  so  below  the  canal  bed.  Thus,  during  the 
scouring  pe'riod,  about  three  times  as  much  silt  is  scoured  out  and  removed  as 
entera  the  canal  in  an  equal  period  of  normal  flow ;  and  this  is  probably  at 
least  twenty  times  as  much  as  is  deposited  in  the  head  reach  during  this  period 
of  Donnal  flow. 

In  an  actual  example,  the  change  in  surface  slope  produced  by  the  difference 
between  the  8  foot  depth  at  the  canal  head,  and  the  6  foot  depth  at  the  escape 
would  naturally  be  taken  into  account  when  calculating  the  velodty ;  and  the 
scouring  action  would  therefore  be  more  marked  than  is  indicated  by  the  above 
figures.  So  also,  the  alteration  in  depth  produced  by  silt  deposits  should  be 
allowed  for  ;  since  it  is  probable  that  a  gauge  reading  of  8  feet  at  the  head  of  a 
silted  canal  will  only  correspond  to  6  or  7  feet  depth  of  water,  the  difference 
being  the  thickness  of  the  silt  deposit.  As  already  indicated,  more  accurate 
solutions  could  be  obtained  if  the  fact  that  the  flow  is  variable  were  allowed  for. 
The  calculations  would  then  be  best  made  by  assuming  the  quantity  of  water 
which  enters  the  canal,  and  the  depth  at  the  escape,  and  calculating  the  depth 
at  the  intermediate  pomts.  Theoretically,  at  any  rate,  it  is  then  possible  to 
predict  the  quantity  of  silt  which  is  removed  Irom  each  1000  feet  length  of  the 
canal  between  the  head  and  the  escape.  Such  refinements  appear  unnecessary, 
unless  the  silt  content  of  the  entering  water  has  been  previously  determined 
with  greater  accuracy  than  is  at  present  customary.  A  skilled  engineer  when 
considering  a  canal  which  has  been  under  observation  for  some  years  can. 
probably  select  values  which  will  agree  fairly  well  with  the  results  of  observation, 
but  such  data  are  not  likely  to  be  availaMe  when  it  is  desired  to  design  an 
escape  for  a  new  canal.  Thus,  the  more  accurate  solution  appears  to  be  un- 
necosarily  comi^ex.  It  may  be  observed  that  the  value  of  C,  in  the  equation 
"  =  0^?^  is  somewhat  influenced  by  silt  deposits.  As  a  general  nile,  C,  has  a 
higher  value  in  a  reach  in  which  fine  silt  is  uniformly  and  regularly  deposited 
than  is  the  case  for  a  similar  reach  in  which  siltiiig  has  not  occurred.  I  have 
penonally  observed  values  of  C,  which  are  20  per  cent  greater  than  those  which 
were  observed  on  apparently  similar  channels  in  which  silt  had  not  deposited  ; 
and  reliable  observers  have  found  an  excess  of  30  or  even  35  per  cent  Th« 
silt  deposited  in  the  head  reach  of  a  canal,  however,  is  coarser  than  diat  in  the 
reaches  above  referred  to.    Accurate  experiments  are  difficult,  because  of  the 
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irceguUr  manner  in  which  the  silt  is  dropped;  it  isgenarftUy  believed  Uut 
alter  heavy  silting  C,  decreases  to  about  90  per  cent,  of  its  normal  value.  Ute 
capacity  of  an  escape  is  best  fixed  by  calculations  which  proceed  upon  the  above 
lines.  Thus,  let  us  assume  that  the  naimaJ  discbarge  of  the  canal  is  zooo  cusecs, 
and  that  about  one-seventh  of  the  silt  taken  into  the  canal  is  deposited  in  the 
head  reach.  The  above  calculation  sbows  that  an  escape  with  a  capacity  of 
1)00  cusecs  should  suffice  to  keep  tbe  canal  clear,  if  an  ^tn  1100  cusecs  of 
moderately  clear  water  can  be  run  to  waste  during  24  hours  at  intervals  of  about 
30  days.  The  assumption  is  favourable ;  and,  as  a  general  nile,  escapes  arc 
not  so  powerful  relatively  to  the  canal  discharge.  The  usual  rule  is  that  an 
escape  can  pass  off  a  quantity  of  water  which  is  oot  greatly  in  excess  of  one-tbird 
of  the  normal,  flow  of  the  canal.    This  is  probably  a  small  capacity,  as  trial 


—  Ceisjeipjal Plan   or Siphinq — CArN>SL.- 


SkbtchNo.  198.— PlnofSiThindCuiaL 

calculations  show  tint  scouring  is  better  effected  by  taking  in  large  a, 

of  water  for  a  short  time,  ratiier  than  an  equal  total  quantity  distriboted  over  a 

longer  period. 

■   Also  the  capacity  of  the  escape  and  of  the  escape  channel  needs  to  be  con- 
sidered, as  the  head  reach  of  the  canal  is  usually  in  d«ep  digging. 

The  design  of  an  escape  procseds  on  the  same  lines  as  that  of  a  regulator, 
with  the  following  exceptions ; 

(a)  Tbe  gates  should  open  at  the  bottom.    Raised  sills  are  of  course  useless. 

{P)  The  velocity  through  the  escape  should  be  as  high  as  possible,  ij  to  30 
foM  per  second  being  probably  the  maxitaum. 

For  this  reason,  pitching  of  tlue  bed  and  sides  of  the  canal  at  and  near  to 
the  escape  is  necessary.    The  size  and  length  of  this  pitching  is  best  determined 
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by  expeiience,  abhot^h  the  velocity  calculations  made  when  the  capacity  is 
determined  fonn  a  valuable  guide. 

Id  all  calculations  concerning  the  capacity  of  scouring  escapes  it  nwst  be 
carefully  borne  in  mind  that  the  permanent  discbarge  capacity  is  usually  fixed 
not  by  the  size  of  the  masonry  work  (t.«.  the  escape  itselO>  but  by  the  size  and 
silt-carrying  capacity  of  the  escape  channel.  This  is  admirably  illustrated  by 
the  Chamkour  and  Daher  escapes  on  the  Sirhind  canal  (see  p.  704).  The  calcul- 
ated discharge  capacity  of  the  original  escape  was  about  20CX)  to  3000  cusecs. 
This  was  found  to  be  insufficient  (in  reality  due  to  an  erroneous  system  of 
working),  and  was  increased  to  a  calculated  capacity  <rf  about  ;ooo  to  6000 
cusccs.  It  willbeevident  that  as  the  capacity  depends  on  the  level  of  the  water 
in  the  canal,  accurate  calculations  are  impossible  when  a  badly  silted  canal  is 
considered ;  but  it  is  known  that  the  sluices  could  discharge  all  the  water  that 
the  canal  could  carry  when  badly  silted.  As  soon,  however,  as  the  scouring 
action  of  the  enlarged  escape  became  really  efficient,  the  escape  channel  was 
obstructed  by  deposits,  and  about  two  years  after  the  enlargement  il  was  found 
that  if  more  than  looo  cusecs  was  passed  through  the  escapes  valuable  low- 


SkBTCH  No.  199,— Escape. 

lying  land  was  flooded.  The  escape  channel  bas  since  been  carefully  attended 
to,  and  owing  to  the  improved  working  of  the  canal  is  now  able  to  perform  its 
duties  efficiently,  and  can  probably  cany  4000  cusecs  if  required. 

Similar  figures  could  be  given  for  other  escapes,  and  as  a  general  principle 
it  may  be  slated  that  nearly  all  scouring  escapes  which  work  efficiently  are 
sooner  ox  later  found  to  be  capable  of  flooding  the  banks  of  their  tail  channels 
if  opened  so  as  to  pass  their  maximum  discharge.  Thus,  the  best  location  for 
an  escape  is  that  which  has  the  shortest  possible  escape  channel.i 

Auxiliary  Escapes. — In  countries  where  rain  falls  during  the  irrigation 
season,  billed  irrigators  frequently  refiise  to  take  water  when  rain  threatens  ; 
and  the  occurrence  of  a  rainstorm  produces  a  sudden  and  general  cessation  of 
demand  for  water. 

In  large  canals  water  frequently  takes  2  or  3  days  to  travel  from  the  head 
to  the  tail  of  the  canal.  Thus,  even  with  the  best  system  of  regulation,  auxiliary 
escapes  must  be  provided  in  order  to  carry  off  the  excess  of  water  which  is  thus 
permitted  to  enter  the  can^l. 

No  rules  can  be  given  for  such  escapes,  as  they  entirely  depend  upon  the 
existence  of  depressions,  or  rivers,  into  which  the  water  can  be  turned.  Undue 
baste  in  constructing  such  escapes  during  the  eajly  years  of  the  canal's  exist- 
45 
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ence  may  be  deprecated.  The  behaviour  oT  the  agriculturists  is  unlikely  to 
render  the  use  of  such  escapes  indispensable  until  their  skill  in  irrigation  has 
increased.  Also,  the  existence  of  annecessary  escapes  is  condudve  to  careless 
methods  of  regulation.  Thus,  auxiliary  escapes  should  be  provided  for  onder 
the  head  of  "  possible  and  additional  works  to  be  constructed,  if  and  when  fonnd 
necessary." 

Escape  Rtstrvoirs. — It  is  sometimes  advisable  to  construct  small  reservoirs 
at  favourable  sites,  inio  which  surplus  water  may  be  diverted.  The  water  is 
then  not  lost,  as  is'  the  case  when  it  is  turned  into  an  escafie  chaitnel.  In  silt- 
bearing  canals,  these  reservoirs  rapidly  silt  up ;  and  sometimes  the  value  of 
the  land  which  is  thus  reclaimed  renders  this  method  of  disposing  of  surplus 
water  financially  profitable. 

Canal  Drainage  Works.— I  do  not  propose  to  enter  into  the  rules  which 


Sketch  No.  200.— Kali  Nadi  Aqueduct  Foundnli^ 


are  adopted  for  proportioning  the  thickness  of  the  masonry  of  the  walls,  piers, 
or  arches  of  canal  drainage  works.  The  mica  generally  followed  are  those 
employed  in  other  branches  of  engineering  ;  but,  as  a  matter  of  fact,  an  exact 
theoretical  investigation  usually  leads  to  for  slighter  dimensions  than  those 
which  are  employed  in  practice. 

Experience  is  the  teal  basis  of  the  proportions  generally  adopted  ;  and  in 
all  probability  the  factor  which  determines  the  thicknesses  adopted  is  not 
strength,  but  rather  the  prevention  of  leakage. 

My  object  is  to  illustrate  the  correct  outlines  of  the  large  scale  plan  (rf  the 
works  now  considered,  as  this  determines  the  general  hydraulic  efficiency. 

[a)  AqoBducta. — Aqueducts  are  required  either  for  carrying  a  canal  over  a 
river,  or  for  carrying  a  river  over  a  canal.  As  a  rule,  there  is  rarely  any 
alternative,  as  the  relative  levels  of  the  two  bodies  of  water  determine  the 
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design.  Where  choice  exists,  it  is  usoally  best  to  carry  the  snuner  body  of 
water  under  the  larger  one,  the  maximum  flood  discbarge  of  the  river,  of 
course  fixing  its  size.  When  the  canal  is  carried  by  an  aqueduct,  a  certain 
ecoitomy  can  genetaUy  be  effected  by  incieasiag  the  velocily  of  the  water. 
The  matter  needs  caieful  calculation.  Where  silt  exists,  it  ia  not  advisable  to 
make  the  depth  of  water  in  the  aqueduct  much  greater  than  in  the  canal,  unless 
the  aqueduct  b  airanged  as  a  silt  trap,  and  is  provided  with  orilkes  for  dis- 
charging silL  In  any  case,  the  whole  length  of  the  earth  channels  leading  up 
to  and  away  from  the  cjoustricted  secdou  should  be  carefully  pitched  with 
brickwork,  or  other  reustant  feeing.  The  alte^tion  in  cross-section  should 
proceed  gradually.  In  silt-bearing  canals  length  of  tapered  section— 35  x 
difference  in  bed  width,  and  in  clear  water  «  5  x  difference  usually  produce  good 
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Inveited  Aqueduct  Foandatian. 


results  (see  Skatcli  No.  10&).  It  will  usually  be  found  advaatageot»  to  pitch 
the  upstream  portion  of  the  receding  channel  with  roughened  pitching  of  the 
form  shown  in  Sketch  No.  214;  but  the  tail  portion  of  the  pitdiing  should  be 
smooth,  so  that  the  water  reaches  the  unlined  earth  section  devoid  of  all 
turbulent,  scour  producing  eddies. 

The  foondaiions  of  an  aqueduct  may  either  be  deep,  and  formed  of  wells,  or 
of  piling  under  each  separate  pier,  as  is  indicated  in  Sketch  Na  300  of  the 
Kali  Nadi  (Ganges  Canal)  pier  foundation  ;  or  the  whole  stream  bed  may  be 
pitchedrand  the  pieis  supported  on  relatively  shallow  foundations  (Sketch  No, 
30I,  corbpare  also  No.  206).  The  deep  type  is  usually  adopted  in  line  sand, 
and  the  shallow  type  in  coarse  sand  or  clay.  There  seems  to  be  no  real  reason 
for  tbis  selection,  and  considerations  of  cost  may  be  relied  upon  to  settle 
the  question. 
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As  a  rule,  the  mean  velocity  of  canftl  water  in  an  aqueduct  does  not  exceed 
14  feet  per  second,  and  8  or  10  feet  per  second  is  more  usual  The  real 
difficulties  are  caused  not  by  damage  to,  or  waves  in  Ac  aqaedact,  bat  b^ 
reducing  the  velodty  of  the  water  after  it  leaves  the  aqueduct  to  dte  3  or  4  feet 
per  second,  which  is  peimlEsible  in  earthen  channels.  The  value  of  the  velocity 
finally  adopted  will  consequently  to  a  certain  degree  depend  upon  the  lengdi  of 
the  masoniy  channel  The  lonticer  this  is,  the  greater  will  be  the  saving  pro- 
duced by  an  increase  in  the  mean  velocity,  and  therefore,  the  greater  the 
expenditure  on  roughened  pitching  and  water  cushions  downstream  of  tbe 
aqueduct  that  is  eomomically.  justified.  There  appears  to  be  no  vaHd'rcason 
why  20  feet  per  second  should  not  beadopted  in  a  long  aqueduct  ifthcreqoired 
&U  is  avaiUble. 

The  calculations  concerning  the  drop  required  to  increase  the  velocity  from 
the  3,  or  4  feet  per  second  which  occurs  in  the  upstream  earth  channel,  to  the 
value  of  8,  14,  or  30  feet  per  second  adopted  in  the  aqueduct,  are  referred  to 
on  page  16. 

(J)  Syphon*. — The  question  of  »lt  has  a  large  InHuence  upon  the  design  of 
syphons.    Sketch  No.  303  shows  the  type  which  is  usually  adopted  iriiere  ■ 


Sketch  Na  90s.— -Vertical  Well  Type  of  Syphon. 


canal  is  syphoned  under  a  liver,  or  a  clear  water  stream  under  a  canal  Tbe 
downstream  vertical  well  produces  a  quasi-fount^n  exit  of  the  water,  which 
dissipates  the  energy  of  the  increased  velocity  in  the  syphon,  and  but  little  ttul 
pitching  is  required.  The  deposition  of  silt  Is  unlikely,  as  the  canal  flows 
steadily  for  say  300  days  in  the  year. 

The  mean  velocity  in  the  syphon  should  ht  fairly  larg^  in  order  to  prevent 
any  silt  deposits.  The  usual  rule  is  about  8  feet  per  second  for  maximum 
snpfdy,  or  10  feet  per  second  in  extraordinary  supplies.  No  difiScnlties  irocA 
tail  erosicm  or  scour  have  occurred  in  cases  where  the  velocity  was  16  feet  per 
second,  even  though  the  earthen  channels  eroded  badly  at  6  feet  per  second. 
It  is  therefore  believed  that  when  the  vertical  well  is  adopted,  and  the  fall  is 
available,  a  velocity  in  the  syi^on  of  12  ftet  per  second  for  maidnium  supidies 
may  be  adopted  in  tender  soil  This  velocity  may  be  increased  to  16  or  30  feet 
per  second  in  firm  soil  Provision  should  be  mads  for  downstream  pitching 
"  if  required," 

Where  tbe  canal  is  a  flood  canal,  carrying  large  quantities  of  silt,  and  only 
flows  intermittendy,  the  type  shown  m  Sketch  No.  203  should  te  employed, 
and  should  always  be  used  for  syphons  which  carry  silt-bearing  rivers.    The 
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fbt  upstream  and  downttream  dopes  are  no  doubt  more  expensive  than  the 
vertical  drop  walls,  bvt  the  form  tfaua  obtained  prenats  any  risk  of  silt 
depositing.  Such  syphons  are  employed  in  India  for  carrying  off  the  water 
discharged  by  rivers  «4iich  mn  bat  once  or  twice  every  five  years,  and  are  then 
extranelr  heavily  charged  with  silt  As  silt  deposits  never  give  trouble,  the 
type  may  be  adopted  with  confidence  whenever  choking  of  the  syphon  by  silt  is 
to  be  apprehended.  Downstream  erosion,  however,  i»  likely  to  occur,  as  the 
energy  of  the  issuing  water  is  but  slightly  dissipated.  The  drop  wall  shown  in 
Sketch  No.  303  is  usually  sufficient  in  the  case  of  flood  channels ;  but  in  a 
canal  or  river  which  flows  constantly,  {utching  with  brickwork,  or  concrete 
blocks,  may  be  necessary> 

The  drawing  shows  a  syphon  constructed  of  brickworklor  tna3onry,Twliich 
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Skitck  No.  303.— Cbenab  Syphon. 

cannot  resist  any  great  tension.  Thus,  if  it  is  possible  for  the  syphon  to  be 
under  pressure  when  tbe  upper  channel  is  dry,  it  is  necesGary  to  place  a 
sufficient  load  of  brickwork  and  earth  on  top  of  the  syphon  arches  to  equilibrate 
the  upward  water  pressure  Thus,  the  crown  of  the  arches  should  be  at  least 
one  half  of  the  head  of  water  in  the  syphon,  below  the  canal  or  river  bed, 
i.e.,  d—  —  (Sketch  No.  203).    The  canal  or  river  bed  should  also  be  pitched  so 

as  to  prevent  any  possilnlity  of  the  earth  load  being  removed  by  scour.  In 
modem  constniction  syphons  are  frequently  made  of  reinforced  c«ncrete 
(Sketch  No.  204),  steel  pipes  (SIcMcb  No.  205X  or  other  material  capable  of 
resisting  tension.  The  iavbig  in  excavation  and  masonry  then  produced  by 
the  fact  that  li,  need  only  be  as  large  as  coosidcratioos  of  strength  render 


ly  Google 


7IO  CONTROL  OP  WATER 

necessary,  is  material ;  and  it  is  doubtful  whether  the  old  masonry  design 
should  now  be  adopted.  The  general  form,  however,  should  not  be 
altered. 

Sketch  No.  so;  shows  a  very  neat  design  employed  by  the  Kashntir  State 
in  crossing  the  Tawi  river.    A  steel  pipe  5  feet  6  inches  in  diameter  canies 
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Skbtch  No.  304.  — Reiofoiced  Concrete  Syphon. 

tio  cusecs  for  the  irrigation  ai  the  higher  lands  on  the  farther  bank  of  the 
river.  The  larger  discharge  of  4S0  cusecs  which  irrigates  the  lower  lands  is 
carried  across  in  the  10  f^et  by  7  feet  7  inches  masonry  arched  opening,  the 
bed  level  of  the  canal  being  dropped  by  a  fall  just  above  the  river  crossing,  in 
order  to  prevent  internal  pressure  being  brought  to  bear  on  the  arch.  Were 
steel  plating  relatively  cheaper,  there  is  little  doubt  but  that  the  whole  woit 
would  be  construaed  of  steel  piping.    The  ample  dimensions  of  the  masonry 
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are  necessary  owing  to  the  character  of  the  riveri  which  is  extremely  torrentiaJ, 
with  floods  amounting  to  150,000  cuaecs. 

Level  Crossincs. — The  levels  of  a  river  and  canal  are  sometimes  almost 
identical.  In  such  cases  (especially  if  the  river  and  canal  are  approximately 
equal  in  size),  a  level  crossing  is  adopted.  This  consists  of  two  regulators,  one 
across  the  river  downstream  of  the  crossing,  and  one  across  the  canal  down- 
stream of  the  river.  The  Bengal  type  of  regulator  (Sketch  No.  190)  is  usually 
employed.  Tlie  river  is  usually  dry,  and  ample  warning  of  the  approach  of 
floods  is  passible.  In  cases  where  the  river  flows  for  long  periods,  and  where 
it  is  necessary  to  take  its  water  into  the  canal,  the  river  regulator  may  be 
provided  with  falling  shutters,  and  can  be  worked  in  conjunction  with  the  canal 
regulator,  just  as  the  weir  and  regulator  at  the  headworks  of  a  canal  are 
handled.  Th«  extra  cost  entailed  in  the  construction  of  the  regulator  so  as  to 
etiable  it  to  retain  13  or  14  feet  of  water,  in  place  of  6  or  7  feet,  must  be 
carefully  balanced  against  the  value  of  the  water  thus  rendered  available. 
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Sketch  No.  aoj. — Tawi  Syphoo. 


Bridges  Ovsr  Canals.— 'X:\va  construction  of  bridge  work,  or  masonry 
arches,  does  not  come  within  the  scope  of  this  book.  In  canals  (and  especially 
where  the  soil  is  lender  and  silt  is  carried  in  the  water)  the  proportions  of  the 
bridges  require  consideration. 

The  rule  :~Clear  waterway  is  equal  to  the  bed  width  of  the  canal  plus  the 
full  supply  depth,  has  been  found  advantageous  in  such  cases  ;  and  any  marked 
obstruction  of  the  waterway  tends  to  induce  scour,  and  a  consequent  deposition 
of  silt  lower  down  the  canal.  The  circumstances  thus  produced  are  liable  to 
become  permanent  in  character.  Thus,  pitching  of  the  character  indicated  in 
Sketch  No.  ao6  is  employed.  The  sketch  refers  to  a  case  where  the  velocity 
is  about  S  feet  per  second.  At  smaller  velocities,  a  shallower  toe  wall  and  a 
smaller  breadth  of  pitching  (say  5  feet  in  width)  are  advisable  in  all  cases  where 
lilt  and  scour  are  determining  factors. 

Rtgttlalors  for  Branch  Canals.— -Tht  design  of  these  works  follows  the  same 
rules  as  for  head  regulators.  The  head  of  water  sustained  does  not  usually 
exceed  the  full  supply  depth  in  the  main  canal. 

As  a  rule,  it  is  desirable  to  disturb  the  proportions  of  silt  and  water  existing 
in  the  main  canal  as  little  as  possible.  Hence  the  regulator  should  have  ample 
waterway,  and  the  rules  given  under  Bridges  may  be  adopted  with  advantage. 
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Raised  sills  and  arrangements  for  drawing  ofT  sorface  water  are  not  usnalty 
required. 

In  many  cases  ihe  openings  are  dosed  not  by  slnice  gates,  but  by  means  of 
wooden  beams.    The  econmny  is  obvious,  and  when  Ae  beams  consist  of 


Sketch  No.  3o6.— Bridge  Pitching. 

needles  (t>.  are  placed  vertically  as  in  Sketch  No.  162)  the  arrangement  appears 
to  be  unobjectionable.  Where,  however,  the  beams  consist  of  horirontal  bars,  as 
shown  in  Sketches  Nos.  307  and  196,  the  effect  will  obviously  be  to  diminish  the 
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Sketch  No.  207. —Slop  Planks. 


proportion  of  bed  silt  drawn  into  the  branch  canal  whenever  any  beams  are  in 
place,  and  the  branch  is  not  taking  its  full  supply.  This  is  hardly  fair  (qua 
silting  troubles)  to  the  portion  of  the  main  canal  below  the  biftocation  where 
the  regulator  is  situated.    Horiiontal  stop  planks  are  therefore  inadvisable, 
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unless  the  dtope  fA  tbe  branch  cftaal  is  far  fl&ller  thsn  that  of  the  main  canal. 
If  this  is  the  case,  it  may  be  possible  to  paitiaDy  sort  Out  the  sill)  and  to  turn  the 
major  portion  into  whichever  branch  is  found  to  be  most  capable  of  carrying 
it  forward  to  the  fields.  In  some  cases,  regulators  are  built  across  a  canal  for 
the  purpose  of  raising  the  water  level  locally  from  time  to  time,  in  order  to  be 
able  to  supply  water  to  a  patch  of  high  land.  The  advantages  thus  gained  are 
very  dearly  purchased  if  the  canal  carries  any  silt,  as  the  reach  above  the 
regulator  is  alternately  a  silt  trap  and  a  scouring  reach.  Such  works  may  be 
regarded  as  radically  bad  in  principle,  and  should  never  be  constructed  where 
any  other  solution  of  the  difHboIty  can  be  found. 

Falls  and  Rapids— In  the  design  of  an  earthen  channel  it  witt  oflen  be 
found  impossible  to  allow  the  slope  of  the  channel  to  be  equal  to  the  general 
slope  of  the  ground  surface.  In  the  first  place,  as  was  discovered  durmg  the 
construction  of  the  Ganges  Canal,  if  a  large  earthen  channel  be  graded  at  a 
uniform  slope  equal  to  the  difference  of  the  desired  water  levels  at  its  head  and 
tail,  divided  by  its  total  length,  the  velocity  is  frequently  so  great  that  severe 


Sketch  No.  ao8. — Rapid. 


scouring  action,  or  even  total  destruction  of  the  banks  of  the  channel,  is 
f>rodnced.  Secondly,  isolated  patches  of  relatively  higher  land  nearly  always 
exist,  which  would  not  be  commanded  by  a  channel  graded- in  <h)3  manner.  In 
the  final  design  of  the  channel  a  certain  amount  rf  adjustment  can  generally  be 
secured  by  grading  the  channel  so  that  the  velocity  is  approximately  constant. 
Thus,  in  place  of  a  channel  at  a  uniform  slope,  one  which  is  graded  in  a  series 
of  short  reaches  will  be  obtained,  the  slope  of  each  reach  being  approximately 
inversely  proportionate  to  the  hydraulic  mean  radius  of  the  channel,  and 
therefore  increasing  as  the  size  and  discharge  of  the  channel  decreases. 

it  will,  however,  frequently  be  found  that  even  this  adjustment,  or  the 
somewhat  more  complicated  method  introduced  by  Kennedy  (see  p.  753),  does 
not  produce  a  channel  which  commands  the  country  satisfactorily,  and  is  not 
likely  to  giv%  trouble  by  scouring  its  bed. 

The  obvious  method  of  improving  the  conditions  is  to  grade  the  reaches  at 
a  smaller  slope,  and  to  t^tain  the  total  drop  required  by  means  of  falls,  or 
rapids,  inserted  at  favourable  points. 

Sinceafallorrapid,  when  judiciously  inserted,  will  often  permit  long  reaches 


ly  Google 


714  CONTROL  OF  WATER 

of  channel  in  embankmCDt  to  be  replaced  by  a  channel  at  or  near  to  the 
balancing  depth,  the  cost  of  the  required  masonry  is  frequently  recouped  by  a 
savJDg  in  earthwork. 

Nevertheless,  falls  or  rapids  should  be  avoided  if  possiUe,  especially  in 
large  canals. 

.  A  consideration  of  the 'conditions  existing  in  earthen  chaiuiels  has  led  me 
to  believe  that  a  proposal  for  a  canal  which  entails  many  falls  or  rapids  in  its 
earlier  reaches  should  be  carefully  examined,  and  is  probably  ftmdamentaily 
incorrect.  The  most  probable  error  is  that  the  site  of  the  headwoika  of  the 
canal  has  been  selected  too  high  up  the  river  from  which  it  takes  out. 

It  may,  however,  be  the  case  that  headworks  lower  down  the  river  are  not 
advisable,  cither  because  no  favourable  site  for  a  headworks  exists,  or  (what  is 
more  likely  to  prove  the  CHse)  because  any  line  starting  from  the  lower  site 
crosses  too  many  minor  drainage  channels. 

When  a  canal,  or  better  still,  its  minor  branches,  are  approaching  their 
ends,  the  slope  of  the  groimd  often  changes  suddenly,  especially  when  Hearing 
a  river  or  a  drainage.  In  such  cases,  a  series  of  falls  may  be  necessary  in 
order  to  drop  the  water  down  to  the  general  level  of  the  area  dose  to  the 
river. 

Assuming,  however,  that  a  fall  is  justified,  the  design  then  becomes  a  matter 
for  consideration.  As  a  general  rule,  it  will  be  found  that  the  height  of  the  bU 
is  but  small,  8  or  to  feet  being  a  large  value.  In  the  case  of  small  &lls  it  is 
rarely  found  economical  to  utilise  the  water  power ;  although  the  turbine 
pumping  station  on  the  Kuntly  Canal  (stt  Engineering  JVeais,  Sept.  3, 1908)  may 
be  regarded  as  a  pioneer  installation,  which  is  well  worthy  of  imitation.  Where 
two  or  more  falls  exist  fiurly  close  together,  their  union  into  one  fall,  with  say 
20  to  35  feet  available  head,  may  provide  a  favourable  site  for  power  develop- 
ment ;  although  in  such  cases,  a  long  reach  of  a  canal  in  bank  is  liable  to 
produce  trouble  owing  to  the  possibility  of  excessive  percolation  causing  damage 
to  the  adjacent  lands. 

The  actual  works  necessitated  by  a  sudden  drop  in  a  canal  may  be  divided 
into  two  classes — 1.«.  falls  and  rapids.  These  are  very  difierent  in  their 
properties. 

Speaking  generally,  a  fall  should  be  adopted  if  any  irrigation  is  effected  from 
the  reach  above  its  site,  as  it  will  hereafter  be  shown  that  a  fall  can  be  designed 
so  as  to  permit  accurate  regulation  of  the  water  level  in  the  canaL  This  the 
usual  type  of  rapid  does  not  pennit,  and  rapids  are  therefore  hardly  advisable 
except  where  regulation  is  not  a  matter  of  importance.  It  is  fortunate  that  this 
discrepancy  in  the  functions  of  falls  and  rapids  is  paralleled  by  the  difference 
existing  in  the  materials  requisite  for  their  respective  construction. 

As  will  be  seen  from  Sketch  No.  208,  a  rapid  contains  an  unusual  propor* 
lion  of  large  stone  1  while,  in  the  case  of  a  fall  (No.  209  or  3 10),  stone  forms  only 
a  smalt  portion  of  the  material  required.  Now,  as  a  rule,  irrigation  hardly 
begins  until  the  canal  has  left  the  upper  portion  of  the  river  valley,  where  sume 
is  most  easily  obtained.  Consequently,  it  can  be  stated  in  general  terms  that 
rapids  are  probably  advisable  on  the  upper  reaches  of  the  canal,  from  which 
no  irrigation  is  effected.  Falls,  on  the  other  hand,  are  required  when  the  main 
canal  has  begun  to  split  up  into  branches,  and  irrigation  has  commenced. 

It  will  be  found  in  practice  that  even  soft  bricks  do  not  suffer  serious 
erosion  by  water  carrying  sand,  unless  the  velocity  of  the  water  exceeds  30  feet 
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per  second,  or  the  "  silt '  contuns  a  large  proportion  of  stones  which  are 
greater  than  a  pea  in  aiie.  Thus,  when  the  height  of  the  drop  in  the  water 
surface  is  restricted  to  values  u  anali  as  8  or  10  feet,  actual  damage  to  the 
masonry  portion  of  the  work  need  not  be  greatly  feared.  The  principal 
difficulty  is  to  prevent  the  irregular  motion  of  the  water  as  it  leaves  the  rapid 
or  fall  from  causing  erosion  of  the  earth  banks  of  the  canal  below  the  fall.  This 
side  of  the  question  was  not  at  first  understood,  and  the  old  ogee  fall  (see  Sketch 
No.  1 56)  was  designed  on  the  assumption  that  damage  to  the  masonry  works 
was  likely  to  occur.  Intense  erosion  of  the  banks  took  place  ;  which,  in  some 
cases,  became  so  acute  that  the  masonry  was  undermined,  and  the  fall  was 
damaged.  The  design  must  be  i^arded  as  very  badly  adapted  to  >m^  drops 
in  the  water  snr&ce.  It  is  still  used  for  drops  of  30  or  40  feet  or  mcne,  such 
as  occur  in  dams  of  the  overflow  type.    Here  it  is  tuccessfuli  beAtuse  tbe  flow 
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Sketch  No.  log.— Needle  Falls. 

,  and  the  banks  of  the  downstream  channel  arc  usually  of 
rock ;  or,  at  the  worst,  of  hard  gravelly  earth. 

For  srals  such  as  those  in  which  the  majority  of  irrigation  channels  are 
constructed,  the  fall  should  be  designed  so  as  to  destroy  the  energy  of  the 
falling  water  as  far  as  possible  before  it  quits  the  masonry.  This  is  best 
effected  by  utilising  the  internal  friction  of  the  water.  The  principle  is  as 
follows : 

(a)  The  falling  sheet  of  water  is  divided  into  a  number  of  smaller  stream 
which  interfere  with  each  other. 

(*)  A  pool,  or  a  water  cushion,  is  formed  below  the  fall,  in  which  the  falling 
water  eddies  and  dissipates  its  energy. 

Where  no  floating  matter  occurs  in  the  water  a  very  excellent  solution  is 
a  fall  obstructed  by  needles,  as  showh  in  Sketch  No.  209.  Here,  the  falling 
waters  are  split  up  into  thin  streams,  and  tbeir  mutual  interfierence  thoroughly 
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destroys  the  energy  generatect  by  the  fall.  A  similar  expedienl  may  be  applied 
to  a  rapid  with  equal  success.  Where,  however,  any  floating  matter  occurs, 
obstructions  collect  on  the  needles ;  and  these,  if  not  removed,  may  block 
the  fell,  and  so  cause  a  breach  of  the  canal.  The  siie  of  the  apertures  between 
the  needles  is  such  that  weeds  are  quite  as  effective  as  branches  of  trees,  or 
large  masses  of  drift 

As  a  rule,  therefore,  such  obstructed  falls  are  not  advisable ;  and  Sketch 
No.  3IO  shows  a  fall,  and  Sketch  No.  208  a  rapid,  so  constructed  that  any 
normal  drift  will  readily  pass  over  the  crest. 

The  details  deserve  careful  consideration.  Firstly,  taking  the  fall,  let  us 
assume  that  the  eanb  below  the  fall  is  very  easily  eWided  {t.g.  as  in  the 
conditions  existing  in  the  Punjab,  or  on  the  Nile,  although  falls  rarely  occur 
in  ^ypt,  and  even  then  are  only  small).  In  the  first  place,  It  is  fnind  that 
the  falling  water  should  be  divided  into  separate  streams,  e^ch  of  which  docs 
not  greatly  exceed  200  cttsecs  even  in  very  large  canals.    In  canals  carrying 


Sketch  Na  aio.— Notch  Fill  with  Road  Bridge. 

less  than  400  cusecs,  there  should  be  at  least  two,  preferably  four,  notches  ; 
and  one  notch  is  rarely  advisable  unless  the  discharge  of  the  canal  is  less  than 
50,  or  60  cusecs.  A  very  good  rule  Is  that  the  top  width  of  the  notch  (see  p.  714) 
should  not  exceed  three-quarters  of  the  depth  of  the  channel. 

In  the  second  place,  the  breadth  of  the  water  cushion  should  be  only  slightly 
less  than  the  bed  width  of  the  downstream  chanaal.  A  large  volume  of  water 
is  thus  secured  in  which  the  falling  water  can  expend  its  energy.  The  depth 
below  the  lower  bed  level  h,  and  length  /  of  this  water  cushion  are  usually  fixed 
by  the  formula: :  ,  ,   . 

■     ''^^  -=38, 


3   ■ 
where  h  is  the  height  of  the  fall  and  d  the  faU  supply  depth  of  the  canaL 

Dyas  found  experimentally  that  a  bottle  was  not  smashed  when  passing 
over  the  fall  when  ,  ^^^  ^^^^^  than  Vrf  vT; 

and,  in  consequence,  be  adopted  this  value  with  : 
/-WW. 
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1  do  not  Icaow  the  reuon  why  these  formula:  were  abandoned,  as  the  value 
of  3  agrees  vsry  fiiirly  well  with  the  depth  of  the  holes  which  are  frequently 
found  below  natural  watei&Us,  but  the  cisterns  of  the  newer  falls  proportioned 
by  the  first  rule  are  floored  with  ashlar  in  places  where  the  action  of  the  fallins 
water  is  roost  intense.  An  inspection  of  the  dry  dsteras  of  falls  which  are  so 
proportioned  causes  me  to  believe  that,  for  materials  such  as  ate  found  in  the 
Punjab  (which  are  not  good),  the  rule  is  close  to  the  minimum  safe  depth 
(it  is  usually  less  than  the  depth  as  given  by  Dyas'  rule),  and  should  not  be 
decreased.  With  better  materials,  and  better  soil  (as  will  be  seen  later),  the 
cushion. roay  be  diminished  in  depth,  01  may  even  be  entirely  dispensed  with. 
The  slope  up  at  i  in  3  of  the  downstream  wall  of  the  cushicm  is  important  A 
vertical  wall  not  only  sets  up  waves  in  the  caaal  and  thus  favours  erosion,  but 
prevents  the  escape  of  any  small  stones  that  may  be  swept  into  the  cistern.  If 
allowed  to  remain  in  the  cistern,  tb«  stones  will  rajndly  produce  pot  boles,  and  - 
even  a  piece  of  broken  brick  may  cause  damage  under  such  circumstances. 
For  similar  reasons,  a  r&ised  crest  wall  downstream  of  the  cistern  cannot  be 
permitted,  although  it  would  save  excavation  and  masonry  by  increasing^  the 
eSecdve  depth  of  the  water  cushion.  "Die  irregularity  in  velocity  created  by 
the  raised  wall  makes  itscU  manifest  in  the  form  of  intense  erosion  at  a  distance 
downstream  of  the  wall  equal  to  one  half  the  bed  width  of  the  channel  The 
other  details  are  less  inportaat. 

In  more  resistant  soils  these  proponioni  may  be  somewliat  reduced.  I  had, 
however,  an  opportunity  of  repairing  five  falls  in  the  usual  Punjab  soil,  each  of 
which  carried  about  500  cusecs,  and  in  which  the  followmg  divergences  from 
the  above  design  occurred  : 

(i)  The  water  fell  in  one  mass  into  a  cistern  with  a  width  equal  to  three- 
quarters  of  the  bed  width  of  die  canaL 

(ii)  The  water  fell  in  two  masses  inb>  ft  cistern  with  awidth  equal  to  one-half 
the  bed  width, 

(iii)  The  proportiaas  of  the  dstem  agreed  with  the  typical  design,  but  the 
downstream  slope  was  replaced  by  a  vertical  wall. 

(iv)  As  in  case  No.  (iii),  but  here  the  wall  was  raised  i  foot  above  the  bed 
level 

(v)  A  fall  resembling  Sketch  No.  310  in  all  respeOs,  except  that  the  sin  of 
the  fall  had  a  raised  crest  (see  p.  73a)  and  that  the  cistern  width  was  three- 
fourths  the  bed  width. 

In  the  first  two  cases  the  downstream  erosion  had  undermined,  and  produced 
cracks  in,  the  masonry  of  the  fall  within  less  than  three  years. 

In  case  No.  (iii),  the  bed  pitching  immediately  downstream  of  the  cistern 
was  destroyed,  and  blocks  of  stone  3  cubic  feet  in  nie  (which  had  been  thrown 
in  with  a  view  to  stopping  erosion)  showed  signs  of  having  been  violently 
moved. 

In  case  (iv),  this  action  was  even  more  violent,  two  stone  blocks  being 
broken.    Pot  holes  i  foot  and  18  inches  deep  occurred  in  each  cistern. 

In  case  (v)  the  downstream  damage  was  small ;  in  fact,  not  more  than 
that  irtiich  occurred  in  a  similar  properly  designed  fall.  On  the  other  hand, 
upstream  erosion  was  very  marked  ;  and  the  silt  thus  produced  was  deposited 
some  5000  feet  below  the  fall,  and  gave  great  trouble  by  blocking  the  head 
reach  of  a  branch  canal. 

I  consequently  believe  that  any  divergence  from  these  proportions  should 
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be  avoided.  When  the  proportions  are  adhered  to,  it  will  be  found  that  a 
pitching  of  brick  on  edg«,  and  brick  on  the  flat  suffices  to  prevent  any  notice- 
able erosion. 

Where  the  soil  is  somewhat  firmer,  Bligh's  rules  (sec  Design,  of  Irrigatiffit 
Works),  may  be  followed.    Bligh  makes  the  width  of  the  fiUl  seven-eighths  thai 
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of  the  bed  width  of  the  downstream  channel,  and  gives  no  mter  cushkui,  the 
thickness  of  the  masoo^  bottom  of  the  fiUI  beiiig'  rqiresenled  by  Jh^d,  and 
iu  length  by  j(A+ii). 

Bligh  criticises  the  Punjab  design  somewhat  severely.    The  dieoretical 
objecdons  whidi  he  a4vances  have  bat  little  weight.    His  designs  are  no 


Skbtck  No.  3U.— Timber  AqaedncL 


doubt  cheaper  than  those  which  are  adopted  in  the  Punjab,  but  they  arc  suit- 
able for  fltmer  soil  and  better  material  (see  Sketch  No.  211). 

In  really  firm  soil,  falls  are  but  rarely  required,  since  the  bed  slope  can  be 
made  sufficiently  steep  to  dispense  with  falls  without  fear  of  erosion  ariung 
from  the  velocity  thus  produced. 

In  no  case  have  I  found  good  results  obtained  when  the  width  of  the  &11  is 
considerably  less  than  Bligh's  rule  of  seven-eighths  of  the  bed  width.    Any 
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saving  that  could  be  secnred  by  adopting  a  smaller  widtli  would  b«  but  small ; 
and  the  risk  of  downstream  eroNon  is  very  great,  even  in  the  firmest  soils. 

The  standard  design  (see  Sketch  No.  208)  of  a  rapid  calls  for  but  little 
teroark.  The  slope  i  :  10  has  been  arrived  at  by  experience,  and  (in  the  soils 
of  the  Punjab  at  any  rate)  a  steeper  slope  is  accompanied  by  excessive  erosion 
downstream.  The  slope  is  pitched  with  boulders,  or  with  blocks  of  lime 
concrete.  The  drawings  usually  show  the  boulder  pitching  left  rough,  and 
this  roughness  appears  to  be  considered  advantageous.  Actual  inspection  of  a 
well  maintained  rapid  in  which  erosion  has  been  satisfactorily  prevented  will 
invariably  show  that  all  marked  irregularities  have  been  removed,  and  that 
great  care  has  been  taken  to  smooth  the  slope  by  filling  all  joints  and  hollow 
places  with  mortar. 

The  actual  facts  appear  to  be  that  the  water  floving  down  the  rapid  is  in  a 
state  of  pulsation,  and  any  stones  which  project  into  the  stieam  are  sooner  or 
later  set  shaking.  This  shaking  displaces  the  sand  under  the  stone,  and  the 
stone  sinks  slightly  ;  and  when  repairs  are  made  the  stone  is  smoothed  up  and 
brought  into  line  and  level  by  a  coating  tA  mortar.  If  the  action  is  more 
intense,  the  stone  may  finally  be  displaced.    Thus,  after  a  few  years,  the  slope 


Sketch  No.  2T3.— Debris  Dam  on  Vaba  River. 

pitchinff  becomes  so  smooth  that  it  is  frequently  difficult  to  walk  on  it  even 
when  dry.  This  does  not  seem  to  render  the  rapid  less  efficient,  as  the 
standing  wave  that  forms  at  its  lowtr  end  is  quite  sufficient  to  dissipate  the 
energy  of  the  falling  water.  Some  of  the  most  satisfactory  rapids  are  found  to 
possess  a  pitching  which  is  more  than  usually  smooth.  Thus,  ^ny  reliance  on 
the  roughness  of  the  pitching  appears  unnecessary.  Such  designs  as  rapids 
with  broken  slopes  (see  Sketch  No.  213),  or  water-cushions,  have  been 
frequently  and  exhaustively  tested  in  practice,  and  all  such  devices  have  now 
been  abajtdcoed. 

It  will  be  noticed  that  the  ty[»cal  rapid,  like  the  typical  &II,  has  a  width 
equal  to  the  bed  width  of  tlie  downstream  channel     A  wide  rapid  is  less 
liable  to  produce  downstream  erosion  than  a  narrow  one,  bat  the  condition  : 
Width  =bed  width  of  channel, 

is  by  no  means  so  important  as  in  a  fall.     Erosion  below  rapids  is  less  regular, 
and  is  apparentiy  less  dependent  upon  the  design  than  is  the  case  with  falls. 
The  rules: 

In  tender  soil,  width  of  rapid  = 
In  finner  soil,  width  of  rapid= 
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may  be  adopted,  and  produce  rapids  which  are  slightly  oairower  than  iaUs  in 
Gimilar  soil.  When  these  rules  are  adopted  an  additLonal  amount  of  down- 
stream pitching  must  be  provided,  but  it  is  believed  that  economy  in  the  total 
cost  of  the  work  will  be  secured  provided  that  the  nqiids  are  carefully 
maintained. 

Rapids  are  frequently  required  when  it  is  necessary  to  increase  the  velocity 
of  the  water  in  a  channel  suddenly.  Examples  occur  when  an  earthen  channel 
is  followed  by  a  masonry  aqueduct,  or  wooden  tlume.  The  general  practice  in 
the  Punjab  is  to  design  the  aqueduct  with  a  full  supply  depth  equal  to  that  in 
the  approach  channel,  and  to  provide  the  increase  in  velocity  necessitated  by 
the  reduction  in  breadth  that  occurs  in  the  aqueduct  by  means  of  a  rapid. 


Sketch  No.  314.— KQugheQed  Pitching. 

The  uncertainties  affecting  the  calculations  are  referred  to  on  page   16,  but 
the  design  of  the  rapid  follows  the  ordinary  rules. 

Prevention  of  Erosion  below  Falls  and  Rapids. — If  a  £U1  or  rapid 
is  left  to  itself,  a  pool  fonns  juat  below  the  work,  and  the  tmal  plan  of  the 
channel  somewhat  resembles  the  section  of  a  'soda  water  bottle,  the  fall  or 
rapd  farming  the  neck.  This  form  was  considered  to  be  correct  in  foimer 
days,  and  the  banks  of  the  pool  were  frequently  pitched,  or  were  even  provided 
with  retaining  walls.  The  method  is  still  adopted  where  the  water  {e^.  as  in  a 
canal  escape,  or  in  the  oudet  escape  of  one  of  the  basins  that  are  used  in  flood 
irrigation)  is  discharged  into  a  river  or  natural  water-course.  Where,  however, 
the  water  after  quitting  the  fall  flows  in  a  canal  which  has  to  be  maintained 
and  regulated,  this  method  is  inadvisable,  as  it  is  found  that  a  succession  erf 
poob  and  constricted  necks  are  formed  all  the  way  down  the  canal.     In  some 
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cases,  a  series  of  seven  or  eight  such  pools  extending  for  a  mile  or  so  below 
the  fall  has  been  formed. 

Consequently,  the  modern  practice  in  canals  (and  lately  even  in  escapes)  is 
to  pitch  the  banks  of  the  canal  so  as  to  preserve  a  section  which  is  just 
sufficient  for  the  nonnal  flow.  The  pitching  is  rough,  and  Sketch  No.  214  shows 
a  very  ingenious  chequer  work  of  projecting  bricks,  which  has  been  found 
extremely  effective. 

Bed  scour  is  prevented  by  cross  walls  where  required.  The  above  sketches 
show  the  length  of  pitching.  These  should  be  considered  as  minima  lengths. 
No  fixed  rules  can  be  given  ;  as,  in  practice,  pitching  and  cross  walls  are  added 
when  considered  advisable  by  the  engineer  in  charge.  On  an  average,  it  may 
be  assumed  that  about  twice  the  length  of  pitching  shown  will  eventually  be 
required  ;  some  works  needing  little  or  no  additional  pitching,  whilst  cases  exist 
where  300  or  400  feet  of  brick  pitching  is  ultimately  found  to  be  necessary.  A 
great  deal  depends  upon  the  care  which  is  devoted  to  the  maintenance  of  the 
channel  and  pitching,  and  measures  should  be  taken  to  encourage  the  deposit 
of  silt  below  the  downstream  end  of  the  bank  pitching  by  means  of  fences  of 
brushwood,  and  stakes. 

If  a  pool  of  the  soda  water  bottle  type  has  formed  below  a  fall,  the  fault  is 
best  remedied  by  ninning  out  books  of  nibble  stone,  so  as  to  define  a  channel 
of  the  required  siie.  These  banks  should  not  be  carried  up  to  the  water  level, 
as  it  is  desired  to  encourage  the  deposition  of  silt  in  the  pools  behind  them. 
Thus,  banks  with  a  crest  i  foot  below  the  water  level  will  at  first  suffice,  and 
they  can  be  raised  as  the  deposit  of  silt  accumulates  behind  them  (Sketch  No. 
161).  The.  principles  are  now  plain.  In  place  of  permitting  erosirai  to  take  its 
natural  course,  the  site  of  the  channel  required  to  carry  the  supply  that  flows 
over  the  &I1  or  rapid,  should  be  calculated,  and  this  channel  should  be  defined 
and  shaped  by  training  walls  consisting  of  loose  nibble.  If  erosion  has  not 
occurred,  the  banks  may  be  pitched ;  and  profiles  of  the  bed  and  banks  of  the 
correct  channel  section  should  be  constructed  of  masonry  or  stakes  and  brush- 
wood, so  as  to  train  the  channel  to  its  correct  form.  When  these  precautions 
are  adopted,  silt  will  rapidly  deposit ;  and  where  the  »lt  is  of  a  clayey  nature 
the  roots  of  plants  will  bind  the  silt  into  a  Ann  mass. 

TfJB  Notched  FAtL. — When  a  fall,  or  rafud,  is  designed  according  to  the 
preceding  rules,  it  will  be  plain  that  there  will  be  a  draw  down  of  the  water 
surface  Just  above  the  fall.  In  consequence,  the  mean  velocity  just  above  the 
fall  will  be  greater  than  the  mean  velocity  in  the  portions  of  the  canal  that  are 
more  distant  from  the  fall.  This  increase  in  velocity  may  cause  local  erosion, 
and  should  therefore  be  avoided  if  possible.  The  drop  down  and  the  con- 
sequent increase  in  velocity  can  obviously  be  prevented  either  by  raising  the 
crest  of  the  fall  above  the  b«d  level  <A  the  canal,  or  by  making  the  width  of  the 
^  less  than  the  bed  width  of  the  canal. 

The  first  solution  is  that  usually  adopted  in  the  case  of  a  rapid.  The  second 
solution  has  been  found  inadvisable  both  in  falls  and  rapids,  as  the  banks  of  the 
canal  below  falls  or  rapids  which  are  considerably  constricted  are  found  to  be 
badly  eroded,  and  the  ratio,  width  of  fall  is  equal  to  seven-eighths  of  the  bed 
width  of  channel,  is  found  to  be  approximately  the  lease  that  can  be  adopted. 
Either  solution  possesses  the  disadvantage  that  the  depth  of  the  water  just 
above  the  fall  is  equal  to  the  depth  in  the  canal  in  uniform  motion,  for  one 
discharge  only. 
46 
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The  equations  are  as  follows  : 

Let  Q,  be  the  number  of  cusecs  passing  over  the  fall,  or  rapid. 

Let  d,  be  the  corresponding  depth  in  the  upstream  canal  in  uniform  motion, 
and  w,  the  mean  width  of  the  channel  for  depth  d. 

Then,  if  /,  be  the  length  of  the  crest  of  the  foil,  or  rapid,  the  head  over  the 
fall  is  given  by  the  equation  : 

Q=C,/Hi» 

where,  Ci  =  3*40  to  350  in  the  case  of  a  rapid  \  and  in  a  fiUl  may  be  as  small  as 
a'5o  if  the  sill  is  flat,  and  H,  is  equal  to  i  or  2  feet. 

Thus,  the  crest  must  be  raised  to  a  height  jr=rf-H,  above  the  canal  bed  ; 
and  Q,  is  very  approximately  equal  to  CwVirf"-*,  where  w=C^'r^  is  the  friclion 
equation  for  the  canal,  so  that : 


<-c, 


m 


Consequently,  the  crest  height  will  be  correct  for  one  value  of  </,  only.  The 
variations  in  C,  and  -ai,  as  d,  alters,  slightly  modify  the  above  equation.  If  an 
actual  case  is  calculated,  it  will  be  found  that  scour  can  be  entirely  prevented 
by  a  raised  crest,  but  that  the  difTerence  between  :r-f-H,  and  dt,  as  Q,  varies,  is 
quite  sufficient  to  cause  trouble  in  the  working  of  a  distributary  which  takes 
out  just  above  the  fall.  For,  if  we  calculate  jtr,  so  that4-+H^f/,  when  Q,  is  the 
full  supply  discharge  of  the  canal,  .r+H  will  be  considerably  greater  than  d, 
ivhen  Q,  is  say  two-thirds  of  the  full  supply  discharge,  and  silt  deposits  are 
likely.  If  we  calculate  x,  so  that  4-+H=4  when  Q,  is  one-half  the  maximum 
discharge  of  the  canal,  then,  when  the  fiill  supply  is  passed  down  the  canal, 
SCOUT  may  occur  ;  and  it  will  be  found  difficult  to  give  the  distributary  its  full 
supply. 

As  an  example,  consider  a  channel  of  a  bed  width  of  30  feet,  with  side  sicqtes 
of  )  :  I,  and  a  bed  slope  equal  to  x<Zl-  ^^t  "S  assume  that  the  channel  is  of 
earth,  and  that  it  is  in  fair  order  {i^.  Bazin's  7=1-54,  or  Kulter's  n^a-ozz% 
approx.) ;  and  let  us  calculate  d,  the  depth  in  feet  of  the  water  in  the  channel 
when  the  motion  is  uniform,  and  the  discharge  is  equal  to  Q,  cusecs.  We  also 
calculate  H,  the  head  over  the  sill  of  a  weir  20  feet  long,  discharging  Q,  cusecs, 
from  the  equation  Q=3"5o  x  aoH'**,  and  Hi,  a  similar  quantity  for  a  weir 
17  feet  wide. 

We  can  then  calculate  x,  and  x^,  the  various  heights  of  the  sill  required  to 
produce  a  depth  just  above  the  fall  or  rapid,  equal  to  the  depth  in  the  canal 
during  uniform  motion,  from  the  equation  : 


We  thus  obtain : 


-H. 


Discharge 
Casecs. 

Depth  in 
Motion. 

20-Foot  Sill. 

17-Foot  Sill.              1 

H 

* 

H, 

:i 

«,  j 

300 

140 

70- 

Feet. 
4-2 
34 

2*2 

Feet. 
2*OI 

I '59 
i"oo 

Feet. 

:1 

Fee. 
■■96 

.■63        . 
,      -'^        1 
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Consider  the  case  where  Q=3oo  cusecs,  and  l=20  feet.  Assume  thkt  a 
sill  i'i9  feet  high  is  erected.  Put  D,  for  the  depth  that  now  occurs  just  above 
the  fall^  i.e.  for  any  discharge  we  have  : 

D=1'I9  +  H. 

We  then  get : 


Q,  in  Cuseca. 

Depth  in  Canal  in  uniform 
Motion,  in  Feet. 

D, 
Depth  just  above  the  Fall, 

in  Feet. 

aoo 
140 
70 

4* 
3"4 
3-a 

4-ao 
378 
319 

It  is  plain  that  the  water  level  is  headed  up  whenever  the  discharge  is  less 
than  200  cusecs.    Silt  troubles  are  therefore  to  be  feared. 

Similarly,  if  we  consider  that  Q=7o  cusecs,  and  that  /=!?  feet,  we  get  the 
following  table,  where  D  =  Hi+ro9. 


Q,  in  Cdicci. 

Depth  in  unifoim  Motion, 
in  Feet. 

D. 

Depth  jutt  above  the  Fall, 

in  Feet. 

200 
140 
70 

.4-2 
3'4 

So  that  a  diop  down  ensts  whenever  Q,  is  greater  than  70  cusecs,  and 
scour  is  likely  to  occur. 

The  case  selected  is  puiposely  somewhat  unfavourable,  although  it  is  quite  a 
practical  example.  In  actual  practice,  the  height  of  the  sill  can  usually  be 
selected  so  that  these  local  silt  and  scour  troubles  do  not  produce  very  alarming 
results,  and  a  rapid  with  a  sill  about  17  feet  high  would  suffice  to  secure  a 
satisfactory  solution  in  this  particular  case.  If  silt  troubles  are  intense,  it  is 
obviously  desirable  to  give  the  canal  no  occasion  for  offending. 

If,  however,  a  distributary  takes  out  just  above  the  fall,  the  matter  at  once 
becomes  serious.  Whatever  height  is  given  to  the  raised  sill,  the  distributary 
is  always  fed  with  water  which  is  abnormally  charged  with  silt.  For  if  scour 
occurs,  the  distributary  receives  water  charged  with  freshly  eroded  matter  ;  and 
if  silt  deposits  occur,  the  distributary  draws  from  a  silt  trap  which  is  full  of  old 
silt.  The  results  are  astonishing.  Channels  20  feet  in  width,  and  originally 
3  feet  deep,  have  been  known  to  silt  up  to  a  depth  of  10  inches  for  a  lengdi  of 
3otXJ  feet  in  three  weeks,  and  such  cases  are  by  no  means  rare.  As  just  above 
a  fall  is  otherwise  a  very  favourable  location  for  a  distributary  head,  such 
abnormal  silting  should  be  avoided  wherever  possible. 

These  difficulties  are  obviated  by  the  notch  fall  (see  Sketch  No.  zio),  which 
should  always  be  adopted  in  falls  on  canals  which  carry  silted  water  where  a 
distributary  takes  out  just  above  the  fall. 
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The  calculation  of  these  notches  is  described  by  Reid  {Punjab  Irrigati^m 
Bra»uh  Pt^ers,  Na  3). 

Put  Q,  as  the  quantity  of  water  passing  over  the  falL  Let  I,  be  the  length 
of  the  sill  of  the  notch  in  feet,  and  Z+'Mr,  be  the  width  of  the  notch  at  a  height 
X,  above  the  sill.  Let  y^,  be  the  full  supply  depth  in  the  channel  downstream 
of  the  fall,  and  yo,  be  the  corresponding  depth  for  the  least  supply.  Also  let 
d^  be  the  full  supply  depth  in  the  channel  above  the  ^1,  i^.  the  depth  corres- 
ponding to  the  maximum  supply  to  be  passed  over  the  notch,  plus  the  full 
supply  of  the  distributary. 

Then,  as  a  rule,  It  is  found  that  good  regulation  is  secured  by  taking  : 

Qi,  the  supply  corresponding  to  the  depth, 
.y.+i(>'^-^.)=^i 
and  Q},  corresponding  to  the  depth, 

and  proportioning  the  notch  so  that  it  passes  the  supply  Q„  when  the  depth  in 
the  canal  above  the  notch  is  i^gi^^,  and  the  supply,  Qj,  when  the  depth  is 

y* 

Two  cases  occur : 

(i)  The  notch  has  a  complete  fall,  and  is  never  drovmed. 
We  have  :  Qi  =  S"35Trfi*''(/+o'4«rfi) 

It  has  been  found  in  actual  practice  that  on  large  canals  we 
may  put  (=078.    On  small  canals,  where  a  slight  excess  over  the 
calculated  depth  is  advantageous,  c,  may  be  taken  as  0*70. 
We  can  thus  calculate  /,  and  n. 
(ii)  The  notch  is  partially  drowned. 

Here,  let  /  be  the  difference  between  the  water  levels  of  the  two 
reaches,  and  put, 


Then,  Q,=8o2(Vi,-«,(/+'^'yi 


A  similar  equation  holds  good  for  Qj. 

Here  also,  as  above,  e,  can  be  taken  as  q'JO,  or  0*78 ;  and  the  equations  arc 
obvious  for  the  case  where  the  notch  has  a  free  fall  when  Qt,  is  passing,  and  is 
drowned  when  Qj,  is  passing. 

The  above  equations  give  the  dimensions  of  a  notch  which  will  pass  the 
total  full  supply  of  the  canal.  In  practice,  the  notch  is  usually  split  up  into  a 
number  of  smaller  notrhes,  each  passing  about  100,  to  300  cusecs.  A  very 
usual  ruie  is  :^The  top  width  of  each  notch  should  be  less  than  o'Sdm-  The 
selection  of  the  discharges  Q,,  and  Qj,  gives  scope  for  a  study  of  the  local 
conditions.  As  a  general  rule,  it  is  better  to  make  the  notch  too  large,  rather 
than  too  small,  for  should  the  water  surface  be  found  to  be  too  low  in  pncticc^ 
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the  sill  can  be  slightly  raised ;  whereas,  if  ih«  ivater  is  unduly  headed  up, 
adjustment  is  more  difficult 

Location  of  Irxigatios  Chasnbls. — An  ordinary  map  of  an  area  in 
which  irrig-ation  is  well  developed  bears  a  great  resemblance  to  the  map  of  a 
natural  river  and  its  tributaries  ;  but  if  the  contour  lines  are  inserted  a  marked 
difTcrence  is  noticed.  The  river  and  its  tributaries  flow  in  valleys,  whereas 
the  canal  and  its  distributaries,  or  small  branches,  flow  along  ridge  lines.  Just 
as  each  valley  (except  the  very  smallest  examples)  possesses  a  stream  which 
drains  the  side  slopes  of  the  valley,  so  each  ridge  line  should  be  covered  by  a 
distributary  i^ich  irrigates  the  side  slopes  of  the  ridge.  And  while  in  general 
the  valley  of  the  main  river  is  the  lowest  valley,  the  main  canal  is  usually  found 
at  or  near  the  highest  ridge  line. 

Thus,  broadly  speaking,  irrigation  systems  consist  of  two  portions, — the 
main  line  and  main  branches  which  form  the  channels  by  which  the  water  is 
led  from  the  source  of  supply  to  the  main  ridge  line,  or  ridge  lines,  of  the  area 
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Skktch  No.  115.— Good  uid  Bad  Location  of  Distributaries  (aitei|Mu:keiuie). 

Ntli. — These  tketches  ate  ideal,  but  the  "bod"  lepresents  hirly  closely  the  Indian 
practice  of  1860-70.  The  long  diUributury  and  its  faader*  interfae  with  the  nataral 
dminage,  and  therefore  water-U^np  is  blcely  to  occm.  On  the  other  hsad,  these 
feeders  permh  water  to  be  very  rapidly  delivered  to  any  point,  and  dte  canal  stalf 
does  not  need  to  he  experienced. 

The  "  good  "  represents  modem  pnctice,  and  most  of  the  older  canals  have  been 
^stematiodlv  remodelled  to  this  type.  Such  a  system  interferes  with  drainage  as 
little  as  possible.    On  the  alher  hand,  the  distribntion  of  water  needs  systematic  care. 

When,  in  1905,  with  considerable  experience  of  waterworks,  but  with  no  know- 
lolge  of  Indian  iiri^lion,  I  received  cha^e  of  about  300  miles  of  distribulMy,  I 
came  to'the  conclusion  that  bad  the  native  subordinate  staff  not  been  thoroughly 
experienced  it  would  have  taken  me  at  least  six  months  to  get  a  real  grasp  of  the 
methods,  and  I  had  the  advantage  of  tel^raphic  communicadon  with,  and  very 
careful  instructions  from,  my  immediate  superior. 

to  be  iirigatod  ;  and  the  distributary  system,  in  which  the  canal  splits  up  into 
a  series  of  branches  ramifying  along  all  the  ridge  lines  of  the  irrigated  area. 
As  a  general  rule,  little  or  no  irrigation  is  effected  ftom  the  main  liae  until  it 
reaches  a  ridge  line,  as  the  water  level  is  usually  not  sufficiently  above  the 
lutural  surface  to  permit  it  to  cover  the  land.  This  is  briefly  expressed  by  the 
statement  that  the  main  line  "commands"  only  a  small  area  of  land,  or  none 
at  all,  as  the  case  may  be.  The  primary  object  in  the  location  of  the  main  line 
is  therefore  to  reach  the  main  ridge  line  as  soon  as  possible  ;  and  any  irrigatirai 
that  is  eifected  from  the  sidelong  reaches  of  the  main  canal  is  usually 
incidental  only. 
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As  secondary  conditions,  we  must  as  far  as  possible  avoid  deep  cuttiogs,  or 
high  embankments,  or  crossing  drainage  lines  and  stream  channels.  It  will  be 
plain  that  these  objects  are  also  (abnonnal  local  conditions  apart)  best  attained 
when  a  ridge  line  is  rapidly  reached.  Thus,  the  longitudinal  section  of  an 
irrigation  cana!  bears  a  marked  resemblance  to  the  longitudinal  section  of  most 
rivers,  the  bed  slope  being  flat  near  the  head  of  the  canal  (or  mouth  of  the 
river),  and  growing  more  and  more  accentuated  as  the  tails  of  the  distributary 
canals  (sources  of  the  tributary  streams)  are  approached. 

No  general  rule  can  be  given  ;  but,  as  a  matter  of  experience,  the  head 
reach  of  a  canal  usually  has  a  slope  which  is  approximately  half  that  of  the 
general  surface  of  the  land.  The  design  of  the  distributaries  is  really  a  matter 
of  triai  and  error.  The  area  irrigated  will  determine  the  volume  of  water 
carried  at  each  point,  and  the  level  of  the  water  in  the  canal  feeding  the  dis- 


Sketch  No.  3i6.— Relation  between  Distributariet  and  ConCoar  Lines. 


N^e. — This  sketch  shows  a  portion  of  the  Ufmer  Bui  Do«b  OuiaL  I  had  in  1909 
■elected  it  is  showing  wUd  ore  probably  the  best  laid  out  distributariei  in  the  Punjab ; 
and  Mackeniie,  who  had  maps  of  all  the  Indian  canals  at  his  disposal,  has  also 
published  the  complete  field  map  as  a  good  esample. 

Personat  acqoaintance  with  the  loi^ty,  and  a  knawledge  of  the  working  condi- 
tions, inclines  me  to  believe  that  the  reguladon  is  somewhat  more  dlHicalt  than  is 
nsual.  In  fiict,  the  principle  has  been  oveidone.  This  is  not  veiy  importanl,  as 
it  is  usually  impracticable  to  follow  the  theoretical  location  10  closely. 

tributary,  and  that  required  to  command  the  area  near  the  tail  of  the  channel 
will  fix  its  mean  bed  slope. 

Having  fixed  the  gradient,  we  have  next  to  inquire  whether  the  channel 
will  silt,  or  scour.  Kennedy's  principles  (when  properly  applied)  enable  us  to 
answer  this  question.  If  it  should  happen  that  the  ruling  gradient  is  so  steep 
as  to  cause  scour  to  be  apprehended,  it  is  necessary  to  reduce  the  surface  slope 
of  the  water  by  patting  in  falls  (see  p.  713).  The  cross-section  of  each  reach 
of  the  channel  and  its  bed  width  being  thus  calculated,  we  can  detennine  the 
balancing  depth,  i.e.  the  depth  of  excavation,  such  that  the  earth  excavated  to 
form  the  canal  is  just  sufficient  to  make  the  banks. 

It  is  evident  that  the  canal  should  be  located  so  that  the  depth  of  the 
excavation  will,  as  far  as  possible,  be  the  balancing  depth  ;  and  it  is  plain  that 
where  the  choice  exists  it  is  cheaper  to  excavate  less  deeply  than  the  balancing 
depth,  and  to  secure  the  necessary  earth  by  extra  excavation  in  the  canal  bed  ; 
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breaches,  on  the  other  hand,  are  less  likely  to  occur  if  the  canal  is  kept  below 
the  balancing  depth. 

The  design  of  the  banks  is  also  important.  These  are  generally  constructed 
without  any  puddle  or  core  wall,  and  the  canal  water  therefore  percolates 
through,  especially  in  the  early  years  before  the  interstices  in  the  banks  have 
been  stanched  by  fine  silL  Thus,  the  quality  of  the  earth  must  be  carefully 
considered.  Tbe  matter  is  somewhat  more  simple  than  it  looks,  for  in  most 
cases  it  is  proposed  to  carry  the  water  of  a  river  across  the  alluvial  deposits 
which  this  same  river  has  laid  down,  so  that  there  is  a  fairly  close  relation 
between  the  quality  of  the  silt  carried  in  the  river  water  and  the  earth  through 
which  the  channels  are  constructed  Thus,  Kennedy  found  that  the  earth 
through  which  the  Bari  Doab  Canals  were  constructed  never  gave  trouble  by 
scouring,  unless  the  mean  velocity  exceeded  i"3ovo,  and  a  similar  relation  holds 
good  in  nearly  all  cases  (see  p.  754). 

So  abo,  if  the  river  carries  a  coarse  silt,  we  may  expect  that  the  canal  banks 
will,  on  the  average,  be  constructed  of  fairly  coarse  earth.    The  Punjab  silt  is 


Skbtck  No.  217.— Bank  Sections. 

very  fine,  whilst  the  earth  is  nearly  as  finely  grained  as  is  possible.  Practical 
experience  shows  thai  a  bank  consisting  only  of  such  earth  is  not  safe  against 
breaches  until  the  gradient  through  the  bank  is  approximately  equal  to  i  in  7. 
Sketch  No.  217,  Fig.  I,  shows  the  old  and  new  sections  adopted  in  such  cases. 

The  Nile  banks  are  of  the  section  shown  in  Fig.  3,  and  it  will  be  evident 
that  tbe  hydraulic  gradient  is  about  i  in  8  ;  while,  as  a  contrast,  the  embank- 
ments of  the  River  Po  in  Northern  Italy  are  as  per  Fig.  2,  and  the  hydraulic 
gradient  is  about  i  in  4. 

So  long  as  the  branches  exceed  a  siie  (say  150  cusecs)  such  that  a  breach 
would  be  a  serious  disaster,  it  appears  advisable  to  excavate  them  once  for  all 
to  the  cross-section  determined  by  Kennedy's  rules,  or  whatever  local  modi- 
fication is  found  advisable.  Sketch  No.  219  shows  the  modem  Punjab  practice, 
and  it  will  be  seen  that  by  skilful  maintenance  the  otherwise  detrimental  silt 
is  deposited  against  the  banks  and  finally  produces  a  very  safe  section.  The 
two  insets  show  how  carelessness  may  produce  deposits  of  silt  that  do  not  much 
strengthen  tbe  banks  or  curved  banks  that  increase  the  roughness  of  the 
channeL 
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In  the  case  of  minor  branches  of  a  size  such  that  a  breach  in  the  first  years 
of  the  canal's  existence  may  be  considered  as  unlikely  to  cause  much  damage 
(and  it  must  be  remembo^d  that  the  flooding  of  desert  land  when  water  is 
plentiful,  is  by  no  means  a  disaster),  the  design  is  somewhat  different. 

A  large  amount  of  capital  expenditure,  and  considerable  after  outlay  on 
maintenance  can  then  be  avoided  by  constructing  these  channels  as  shown  in 
Sketch  No.  218,  Fig.  1.  Such  banks  are  weak,  and  may  breach  ;  they  are, 
however,  cheap,  and  scour  is  unlikely  to  occur.  In  the  early  years  of  a  canal's 
existence  the  required  supply  will  probably  be  far  less  than  the  designed  full 
supply,  and  the  water  will  probably  not  rise  far  above  the  level  AB,  and  the 
whole  area  up  to  CD,  will  silt  up  with  fine  silt,  forming  a  highly  impervious 
bank.  During  the  first  clearance  of  silt,  the  silt  in  the  area  occupied  by  the 
designed  section  can  be  dug  out,  and  can  be  thrown  on  the  water  face  of  the 
banks,  as  shown.  The  next  season's  work  will  silt  solid  up  to  a  level  about  AB, 
and  the  final  outcome  (after  say  four  or  five  seasons)  will  be  the  channel  shown 
in  chain  dots.    This  is  Rowing  in  a  self-formed  bed  of  highly  impervious  silt. 


iinS  mr  carry  ifHi  ^i" 
Skbtch  No.  ai8.— Canal  Section*. 

matted  together  by  grass  roots,  and  it  will  be  found  that  breaches  are  almost 
unknown  in  such  a  channel. 

The  advantages  of  skilled  silting  are  well  illustrated  by  comparison  with 
Fig.  z,  which  shows  a  channel  carrying  the  same  discbarge  of  water  not 
containing  silt. 

In  this  !case  the  banks  cannot  very  well  be  formed  of  earth  taken  from 
outside  the  channel,  and  in  consequence  the  bed  of  the  channel  is  sunk  some- 
what below  the  natural  surface,  and  the  "command"  is  therefore  far  inferior  to 
that  in  Fig.  1,  where  matters  can  always  be  arranged  so  that  the  bed  of  the 
final  channel  is  level  with  or,  if  necessary,  above  the  natural  surface. 

The  early  maintenance  of  channels  of  the  type  indicated  in  Fig.  i,  is 
troublesome,  owing  to  numerous  small  breaches,  but  after  the  third  or  fourth 
year  (indeed,  in  some  cases  after  the  first  year)  the  maintenance  cost  is  con- 
siderably less  than  that  of  a  channel  as  shown  in  Fig.  2,  even  although  the 
command  of  the  latter  may  be  less. 

The  financial  advantages  are  obvious.  The  channel  costs  very  little  until  it 
begins  to  e:irn  a  revenue.    Again,  the  first  settlers  are  cultivating  virgin  soil,  do 
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not  require  silt  to  enrich  their  fields,  and  are  not  diverted  from  their  BKricultural 
development  by  the  labour  of  silt  deaiance.  Such  breachee  as  do  occur 
merely  saturate  [the  soil,  which  requires  water,  and  are  usually  regarded  as 
beneficia].  In  fact,  the  one  disadvantage  of  the  system  is  that  the  cultivators 
are  likely  to  make  breaches  in  order  to  secure  pasturage  for  their  cattle  ;  and  1 
cannot  see  that  this  is  altogether  an  evil. 

A  Covemment  may  consider  such  damage  as  an  encouragement  to  settlers, 
whilst  a  private  company  should  renMmber  that  water  ia  cheap  in  the  early 
years,  and  that  rapid  settlement  is  an  advant^e  to  all  concerned. 

The  above  discussion  assumes  tbat  the  Kennedy  type  of  channel  is 
exclusively  used. 

It  must,  nevertheless,  be  acknowledged  that  the  adoption  of  Kennedy 
channels  does  not  tend  towards  economy  in  construction.     Kennedy  channels 
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Skktck  No.  319, — Maintenance  of  Slit-bearing  Canals. 

are  (comparatively  speakii^),  wide  and  shallow  in  form.  Hence,  even  in  the 
very  largest  sizes  their  construction  entails  extra  expense  in  excavation  ;  for  it 
will  be  found  that  the  balancing  depth,  even  in  very  large  canals,  rarely  exceeds 
S  feet,  and  consequently  medianical  excavation  is  seldom  profitable,  while  the 
extra  width  of  the  canal  causes  the  lead  of  the  excavation  to  be  great,  and 
entails  a  larger  expenditure  on  land. 

Hence,  unless  the  water  is  known  to  deposit  large  qnantities  of  silt,  it  will 
sometimes  be  found  that  the  increased  cafutal  expenditure  is  greater  than  the 
capitalised  cost  of  annual  silt  clearances,  although  it  must  always  be  re- 
membered tbat  the  expenditure  on  such  clearances  does  not  fully  represent  the- 
damage  dorte  by  silt,  and  that  the  value  of  the  crops  wbich  may  be  lost  by  a 
bad  supply  of  water  must  also  be  taken  into  account 

CoMXAJVD.—Tht  question  of  the  relative  level  of  the  water  in  the  minor 
canals,  and  the  adjacent  land,  is  of  importance.     Silt  deposits  are  liable  to 
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occur  at  the  head  of  each  minor  channel,  owing  to  the  disturbance  of  the 
water  caused  by  the  bifurcation  of  the  main  channel,  and  also  by  the  regulator 
controlling  the  supply  to  the  minor  channel.  These  local  head  reach 
deposits  will  probably  be  increased  by  designing  the  major  channel  according 
to  Kennedy's  principles.  It  is  therefore  advisable  to  calculate  the  r^ulator 
carefully  as  a  drowned  orifice  (the  coefficient  of  discharge  may  be  taken  as 
070  to  075),  and  to  allow  a  margin  of  6  inches  in  small,  and  I  foot  in  lar^e 
channels,  over  the  calculated  head,  so  that  the  full  supply  can  be  forced  into 
the  channel,  even  when  the  head  reach  is  badly  silted. 

The  general  slope  of  the  chanoe!  should  be  taken  so  that  the  level  of  full 
water  supply  may  be  about  16  inches  to  a  feet  above  the  level  .of  the  adjacent 
land.  This,  in  view  of  the  fact  that  the  channel  is  presumed  to  be  on  the 
highest  adjacent  land,  may  at  first  sight  appear  unnecessarily  large,  but  it 
will  ,'be  found  advisable  for  two  reasons.  Firstly,  the  channel  being  a  non- 
silting  one  (j.e.  carrying  forward  to  the  fields  all  the  silt  that  enters  it),  silt 
will  rapidly  deposit  in  the  water  courses  taking  out  from  the  channel,  and 
these  deposits  will  principally  occur  close  to  the  head  of  the  watercourse. 
The  difference  of  water  level  between  the  canal  and  the  water  course  should 
therefore  be  kept  high,  so  as  to  permit  of  the  full  supply  being  forced  into  it, 
just  as  it  is  advisable  to  have  a  margin  of  available  head  between  the  main 
canal  and  the  distributary. 

Secondly,  in  the  present  state  of  the  science  of  irrigation  no  canal  is  well 
designed  unless  it  is  adapted  to  the  future  introduction  of  modules  for  the 
distribution  of  water  by  measurement  Now,  it  is  very  unlikely  that  any 
practical  form  will  be  developed,  which  does  not  require  a  fairly  large  head  for 
correct  operation. 

Methods  of  Field  Irricatioh  (see  p.  644).— The  methods  of  field 
irrigation  are  largely  determined  fay  the  general  slope  of  the  country,  and  also 
by  local  custom.  A  consideration  of  such  methods  should  not  be  neglected 
by  engineers  ;  since,  when  the  canal  is  designed  so  as  to  favour  the  application 
of  water  in  an  economical  manner,  it  will  be  found  that  the  agriculturists 
soon  discover  the  benefits  and  readily  adopt  the  more  economical  methods. 
My  own  experience  leads  me  to  believe  that  even  when  dealing  with  a 
conservative  population  already  accustomed  to  uneconomical  methods,  three  or 
four  years'  experience  will  suffice  in  order  to  produce  an  almost  universal 
adoption  of  better  methods. 

The  methods  adopted  .by  agriculturists  when  left  to  their  own  devices  are 
wasteful  of  water,  their  weakness  principally  lying  in  the  lack  of  attention 
paid  to  the  design  of  the  small  channels  conveying  the  water  from  the 
engineer's  canals  to  the  fields  (i.e.  the  watercourses).  An  agriculturist  con- 
siders these  channels  as  necessary  evils,  and  is  inclined  to  make  them  as 
small  as  possible.  The  Punjab  Irrigation  Department  has  carried  out  very 
systematic  experimentt  on  the  subject,  and  I  have  investigated  the  results 
mathematically,  in  order  to  discover  the  relative  advant^es  of  the  methods 
of  procedure  of  both  parties.  Broadly  speaking,  an  engineer  can  always  raise 
a  better  crop  with  less  water  than  an  agriculturist ;  while,  on  the  other  hand, 
he  fails  lamentably  in  taking  advantage  of  local  rainstorms,  cloudy  days,  and 
other  favourable  weather  conditions.  The  table  given  on  page  733  is  used  in  the 
Punjab,  and  corresponds  roughly  to  Kiitter's  «=o'o3;,  but  smaller  channels 
are  found  to  be  uneconomical. 
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it  will  iherefore  be  evident  that  the  proper  function  of  an  engineer  is  to 
deliver  water  to  the  fields  in  a  manner  soch  as  to  encourage  (in  fact,  force  might 
be  coosidered  the  more  correct  word)  the  agriculturiel  to  utilise  it  to  the  best 
advantage.  The  engineer,  however,  oversteps  his  proper  functions  if  he  in 
any  way  endeavours  to  control  the  periods  or  quantity  of  watering.  His 
concern  is  always  with  the  "  how,"  and  never  with  the  "  when," 

The  area  of  land  which  each  i^iculturist  tilts  is  relatively  small,  being 
about  28  acres  in  India,  and  40  acres  in  America,  and  these  holdings  are  large 
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■e  of  Land.     See  also  No.  157. 


compared  with  those  of  other  irrigated  countries.  We  are  therefore  justified 
In  considering  that  in  a  well  designed  system  of  irrigation  water  should  be 
delivered  10  at  least  one  point  per  30  to  40  acres  irrigated.  It  is  plain  that 
this  point  should  be  the  highest  spot  on  the  area  considered,  and  even  where 
the  slope  of  land  is  so  great  that  water  delivered  by  a  channel  at,  or  about,  the 
level  of  the  natural  surface  of  the  ground,  will  flow  over  the  whole  area,  it  will 
still  be  found  economical  to  insist  on  delivering  water  at  the  highest  point,  and 
to  arrange  so  that  the  water  level  at  that  point  is  at  least  6  inches  above  the. 
ground  level.  On  the  other  hand,  anything  much  above  1  foot  requires  some- 
what costly  banks. 
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If  we  were  solely  concerned  with  economy  in  water,  there  is  little  doubt  bat 
that  the  best  results  would  be  obtained  by  flooding  the  whole  area  as  raindly 
as  possible,  and  I  have  personally  obtained  very  excellent  results  with  a  Bow 
of  2'5  cusecs  (second  feet).  This  volume  of  water  requires  a  somewhat  lar^e 
force  of  labour  to  handle  it  properly,  and  although  a  big  landowner  migffat 
deal  with  this  volume,  and  would  find  it  advantageous  to  do  so,  the  ordinary 
man  with  40  acres  can  hardly  be  expected  to  handle  much  more  than  one 
cusec  ;  and,  if  his  watercourses  are  not  in  good  order,  even  this  quantity  will 
tax  his  energies. 

We  should  therefore  design  our  watercourses  so  as  to  deliver  one  cnsec 
to  each  plot,  and  should  be  prepared  to  encourage  any  agriculturist  who  will 
undertake  to  deal  with  a  larger  sifeam.  Field  operations  are  greatly  assisted 
by  a  systematic  division  of  the  area  of  each  holding  into  plots,  each  oi  which 
is  separately  irrigated.  Sketch  No.  3Zo  shows  the  method  officially  prescribed 
in  the  Punjab  for  the  division  of  a  38-acre  (accurately  2777  acres)  plot.  This 
method  is  welt  suited  to  Indian  agriculture,  and  is  also  well  adapted  for  use 
in  other  countries  where  intense  culture  is  practised.  But  for  wheat  and 
those  crops  which  require  an  extensive  adoption  of  machinery,  the  divisioos 
are  somewhat  small.  As  a  matter  of  fact,  agricultural  machinery  exists  which 
is  specially  adapted  for  such  cases,  but  personal  experience  does  not  lead  me 
to  consider  that  the  existing  machines  are  really  well  suited  to  the  conditions. 
It  is  therefore  at  present  advisable  to  lay  out  the  land  so  as  to  allow  of  the 
usual  types  of  agricultural  machinery  being  employed,  and  the  dimensions 
given  in  Sketch  No.  221  show  an  arrangement  which  secures  a  very  fiur 
balance,  as  it  hampers  the  machinery  but  slightly,  whilst  securing  economy 
in  water.  It  is  necessary,  however,  to  remark  that  an  irrigated  area  which 
produces  crops  such  as  wheat,  can  hardly  be  said  to  be  utilised  to  its  best 
advantage.  The  proper  fiinction  of  an  irrigated  area  is  to  produce  valuable 
crops  which  lequire  intense  cultivation  ;  and  consequently  less  valuable  food 
crops  such  as  the  wheat  of  the  Punjab,  or  the  maize  and  millets  of  Egypt  can 
only  be  considered  to  be  economically  justifiable  when  they  occupy  the 
ground  as  an  inter-seasonal  crop,  or  in  rotation  with  more  valuable  products. 
Where  this  is  not  the  case  local  conditions  are  backward,  and  should  only  be 
r^arded  as  temporary.  Great  economy  in  water  for  cultivation  is  thus 
hardly  necessary ;  for,  as  already  stated,  in  the  early  years  of  an  irrigatiaD 
scheme  waste  of  water,  provided  that  it  benefits  the  agriculturist,  may  be 
regarded  as  Justifiable,  so  long  as  the  custom  docs  not  become  rooted. 

Design  of  a  Distributary. — The  final  design  of  a  distributary  requires 
a  knowledge  of  the  arrangement  and  position  of  the  field  watercourses. 
Similarly,  the  final  design  of  a  branch  assumes  that  the  sizes  and  po»ti(ms 
of  the  distributaries  are  previously  fixed.  In  fact,  the  final  design  of  U»e 
whole  canal  must  be  regarded  as  proceeding  from  the  tail  upwards. 

The  example  given  below  adheres  somewhat  closely  to  the  conditions  which 
are  usually  found  in  India.  The  individual  watercourses  are  perhaps  shghdy 
larger  in  capacity  than  the  average  of  those  found  in  India,  but  in  this  respect 
the  design  is  typical  of  the  more  advanced  Indian  practice.  The  question  has 
already  been  discussed,  and  there  is  little  doubt  that  were  the  Indian  agri- 
culturists more  accustomed  to  mutual  co-operation,  even  lai^er  watercourses 
might  be  constructed  with  advantage,  since  the  capacity  of  the  waterconrsc 
fixes  the  rate  at  which  water  is  applied  to  each  individual  field  division  or  plot. 
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Thus,  the  larger  the  disch&ige  of  the  watercourse,  the  smaller  is  the  waste 
which  OCCUR  by  absorption  during  the  actual  application  of  the  water  to  the 
land.    The  Indian  rule  od  the  matter  is  as  follows  : 

"All  watercourses  which  exceed  three  miles  in  length  are  to  be  considered 
as  distributaries,  and  are  to  be  maintained  by  the  Govenmient." 


FINAL  DETERMINATION  OF  THE  DIMENSIONS  OF  A  DISTRIBUTARY 
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The  6Uing  of  the  table  is  obvious.  The  first  two  columns  are  obtained 
from  the  survey  of  the  irrigated  area,  and  the  watercourses  must  be  previously 
laid  down  on  this  plan.  Tlie  third  column  "Cusecs  per  tooo  acres  irrigated," 
is  determined  by  the  depth  of  subsoil  water  below  the  natural  surface  in  the 
areas  served  by  the  various  watercourses,  and  is  usually  constant  for  the  whole 
distributary  ;  although,  in  the  example  given,  the  allowance  is  varied  in  order 
to  emphasise  the  necessity  for  bearing  this  condition  in  mind.  The  fifth 
column  is  the  sum  of  these  supplies  for  all  watercourses  below  that  Reduced 
distance,  and  consequently  determines  the  Nett  discharge  (without  allowance 
for  absorption)  of  the  distributary  between  the  point  considered  and  the  next 
watercourse  downstream.  The  sections  of  the  distributary  channel  are  then 
determined  (in  the  example  for  slopes  of  g^g  and  4^)  by  Kennedy's 
Graphic  Hydraulic  Diagrams.  The  selection  is  so  made  that  the  mean  velocity 
is  near  to  (preferably  slightly  in  excess  of)  Va,  which  is  the  non-silting  velocity 
determined  by  Kennedy  (see  p.  754). 

In  another  locality  where  Kennedy's  rules  are  not  applicable,  the  selection 
will  usually  depend  upon  economy  in  earth  work. 

The  table  is  purposely  made  somewhat  more  complicated  than  usual.    As 
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a  rule,  both  the  allowance  of  water  per  looo  acres,  and  the  bed  slope,  are 
coQstaot  throughout  the  distributary.  The  circumstances  selected  are,  however, 
bvourabie.  Relatively  speaking  the  slope  is  steep,  and  hence  it  is  possible  to 
obtain  Kennedy  channels  without  making  the  width  an  unduly  large  multiple 
of  the  depth.    With  flatter  slopes,  however,  it  would  be  found  necessary  as  the 

discharge  of  the  distiibutaiy  becomes  small  to  reduce  the  ratio ■ '^ 

to  0-95,  090,  or  even  to  0-85.  No  definite  rules  can  then  be  given,  but  if 
the  fact  that  the  channel  carries  silt  and  water  is  bome  in  mind,  it  will  be  plain 
that  such  ratios  are  permissible  towards  the  tail,  provided  that  the  outlets  of 
the  upper  watercourses  are  situated  close  to  bed  level ;  so  that  the  upper 
watercourses  draw  more  than  their  fair  share  of  silt  from  the  channel.  In  one 
particular  instance,  where  1  was  forced  to  make  the  ratio  equal  to  073  for  the 
last  quartet  of  the  channel,  this  disproportionate  allowance  was  sufficiently 
marked  to  cause  complaints.  In  all  cases  it  is  plain  that  no  very  sudden 
change  should  be  permitted,  and  I  believe  that  it  is  far  better  to  grade  down 

gradually  through  say: — '=i'oo,o'97,  O'93,o'90,  etc,  etc,  than  to 

produce  a  sudden  drop  in  the  ratio,  such  as :  I'oo,  I'oo,  itx),  o'9c^  etc. 

The  preparation  of  a  table  showing  the  bed  level  and  the  water  surface 
level  at  each  watercourse  oudet  is  now  easily  effected.  It  is,  bowrever, 
necessary  to  observe  that  the  changes  in  depth  must  be  assumed  to  be 
produced  not  by  a  rise  in  the  bed  but  by  a  drop  in  the  water  surface.  Thus, 
the  difference  in  bed  levels  between  the  points  R.D.  o,  and  R.D.  14,000  is 
I4X0-2S=3*5  feet,  but  the  difference  in  water  surface  levels  is  : 
14x0-35 +(2-4-2'2)=37  feet. 

Similarly,  the  total  fall  in  the  bed  in  the  distance  of  40,000  feet  is  : 
i4Xo'25+26xo275=io'6s  feet, 
but  the  drop  in  water  suilace  is : 

io-65+(2'4-i-4)=ir65  feet. 

It  will  be  noticed  that  the  absorption  is  calculated  on  the  basis  of  eight 
cusecs  per  million  square  feet  of  wetted  perimeter,  and  the  gross  discharge  of 
the  distributary  as  tabulated  in  Column  No.  10  is  greater  than  the  sum  of  the 
watercourse  discharges.  The  corrected  section  is  shown  in  Column  No-  11, 
and  is  obviously  sufficiently  near  to  the  truth  to  require  no  further  corrections 
for  absorption.  The  total  absorption  is  3*9  cusecs  in  a  total  discharge  of  43*1 
cusecs ;  and,  as  a  general  rule,  it  will  be  found  that  if  an  extra  allowance  of 
10  per  cent,  be  made  in  the  discharge  of  each  watercourse  sufficient  accuracy 
is  obtained.  The  calculation  of  a  branch  canal  proceeds  on  exactly  the  same 
lines,  but  it  is  usual  to  allow  a  slightly  larger  supply  per  looo  acres  commanded 
in  calculating  the  distributary  discharges  in  order  to  avoid  the  necessity  of 
previously  determining  the  watercourses.  Thus,  we  find  rules  such  as  the 
following  : 

When  the  supply  of  individual  watercourses  is  calculated  as  2'8  cusecs  per 
1000  acres,  the  gross  distributary  discharge  is  taken  as  3'i  cusecs  per  1000 
acres;  and,  until  local  knowledge  has  been  accumulated,  these  rough  rules 
must  suffice.     It  will  be  plain  that  the  above  methods  of  calculation  will  usually 
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in  practice  be  applied  only  when  "  remodelling"  existing  canak  so  as  to  obtain 
the  closest  possible  adjustment  between  the  canal  discharge  and  the  local 
conditions.  In  project  work  it  is  usual  to  design  the  main  branches  by  treating 
the  distributaries  in  the  manner  in  which  watercourses  are  treated  when 
remodelling  existing  canals. 

The  final  plans  of  a  distributary,  or  branch,  include  a  tabulation  of  bed 
levels,  natural  surface  levels  and  full  supply  levels  at  say  every  looo  feet. 

Tbe  quantities  of  excavation  and  banking  can  then  be  taken  out,  and  the 
irrigation  facilities  (e.g.  the  command  and  the  difference  between  the  full  supply 
level  in  tbe  distributary  and  the  various  watercouraes)  can  be  calculated. 

The  work  is  laborious,  but  commonplace.  The  fcirm  adopted  depends  tipon 
local  conditions,  and  my  own  opinion  is  that  it  should  include  all  matters 
connected  with  tbe  distributary. 

For  example  :  At  every  looofeet  interval  the  bed  level  should  be  tabulated, 
together  with  the  following ; 

(i)  The  full  supply  level. 

(2)  The  water  surface  level  at  any  supply  which  is  less  than  the  full,  and 

which  is  frequently  delivered. 

(3)  The  area  of  excavation. 

(4)  Tbe  area  of  the  banks. 

(5)  The  command. 

At  every  masonry  work,  or  outlet,  the  following  should  be  recorded : 
(0  The  full  supply  level. 

(2)  The  command. 

(3)  The  head  through  the  outlet  of  the  watercourse  as  defined  below. 

(4)  Tbe  particulars  of  the  work  {t.g.  bridge  of  2  spans,  each  8  feet  wide, 

piers  14  feet  by  3  feet  over  all ;  pitched  3  feet  above  piers,  and 
5  feet  below  ditto). 

Similar  particulars  should  be  recorded  at  each  outlet,  including  the  area  of 
the  orifice,  and  the  discharge.  If  the  work  is  a  regulator,  the  bead  for  which  it 
is  designed  should  be  given  ;  and  if  a  fall,  the  fall  and  the  dimensions  of  the 
notch  should  be  staled. 

The  ruling  principle  to  be  borne  in  mind  is  that  distributaries  are  usually  at 
least  10  miles  in  length,  and  that  the  engineer  should  inspect  on  horseback,  or 
by  bicycle ;  and  that  the  single  sheet  which  he  carries  with  him  should  provide 
all  the  information  necessary  for  a  decision  to  be  made  on  the  spot. 

The  one  matter  which  calls  for  remark  is  that  a  decrease  in  depth  must  be 
regarded  as  producing  a  drop  in  the  water  surface.  For  example,  at  R.D.  3000 
(sec  Table  p.  733)  the  depth  is  decreased  from  2-4,  to  2'3  feet,  and  this  must  be 
held  to  produce  a  drop  of  o'l  foot  in  the  water  level  at,  or  near  R.D.  3000  feet. 
This  fall  is  probably  caused  by  tbe  change  in  velocity  which  occurs,  but  its 
existence  is  undeniable,  and  if  neglected,  dtlficullies  will  arise. 

The  supply  to  each  watercourse  is  at  present  measured  by  an  orifice  in  a 
stone  slab.    The  orifice  area  is  determined  by  the  equation  : 

Q  —  SVA  area  of  orifice, 
where  Q,  is  the  supply  to  tbe  watercourse  in  cusecs,  and  A,  is  the  difference 
between  the  full  supply  level  in  the  distributary  and  the  full  supply  level  in 
the  watercourse. 
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In  actual  practice,  these  orifices  are  not  fixed  in  place  until  irrigation  has 
been  carried  out  for  some  two  or  three  years.  The  delay  is  in  some  respects  a 
disadvantage,  but  in  actual  work  it  is  found  that  the  opportunity  given  for  local 
investigations  regarding  the  necessity  for  an  increase  or  decrease  of  the  supply 
(by  such  (actors  as  unusually  absorbent  soils,  or  peculiar  methods  of  irrigation) 
justifies  the  delay,  I  do  not  give  standard  drawings  of  the  outlets  which  are 
employed,  because  the  selection  of  the  design  and  the  materials  used  must 
entirely  depend  upon  local  conditions.  It  must,  however,  be  realised  that  these 
outlets  are  constructed  by-doiens,  if  not  by  hundreds,  so  that  their  design  is  a 
matter  which  deserves  carefiil  consideration. 

Modules— These  are  instruments  for  the  supply  of  water  by  bulk,  and  are 
analogous  to  town  water  meters.  The  advantages  to  all  concerned  are  obvtoos, 
an  agriculturist  who  pays  a  rate  of  so  much  pet  acre  irrigated  has  no  personal 
interest  in  economising  water,  whereas  if  he  pays  a  rate  per  looo  cubic  feet  of 
water  delivered,  each  economy  effected  in  applying  the  water  to  the  cropped 
area  is  his  own  gain. 

The  obvious  methods  are  a  recording  gauge  and  a  weir,  or  a  vaned  wheel, 
fixed  in  a  channel  of  known  dimensions,  whose  revolutions  are  recorded.  The 
practical  difficulties  are !  (a)  any  such  instruments  are  too  costly  ;  (i)  except  in 
North  Italy  and  parts  of  America  the  average  agriculturist  will  steal  water, 
tamper  with  instruments,  and  has  public  sentiment  to  support  him  in  this  atti- 
tude ;  if)  in  general  the  mean  slope  of  the  ground  is  so  small  that  any  device 
entailing  a  large  loss  of  head  is  unpractical. 

Thus  the  problem  will  not  be  solved  until  some  instrument  is  discovered 
whose  records  cannot  be  stolen  or  falsified,  which,  if  tampered  with,  invariably 
delivers  less  water  than  when  in  proper  order,  and  which  works  under  a  bead 
of  say  O'S  foot  as  a  maximum. 

I  was  employed  by  the  Punjab  Government  to  experiment  on  two  forms  of 
module,  the  Kennedy  and  the  Gibb.  Both,  I  believe,  fiillil  these  conditions. 
Being  proprietary  articles  I  do  not  describe  them.  The  Kennedy  I  consider 
the  better,  but  this  statement  refers  only  to  silt-bearing  waters.  The  Gibb 
retains  nearly  all  the  silt  in  the  water  in  the  canal,  and  therefore  alters  the 
T^ime  for  the  worse.  This  may  be  an  advantage  in  clear  water  canals,  but  I 
have  no  practical  experience  of  the  case.  When  standardised  I  believe  the 
Gibb  will  be  the  cheaper ;  at  present  its  accurate  erection  and  calculation  is 
very  tedious,  while  the  Kennedy  can  be  ordered  in  fixed  sizes  and  put  in  place 
by  an  untrained  mason.  Also  the  Kennedy  can  be  examined  and  seen  to  be 
working  correctly  merely  by  reading  a  gauge. 

Surveys  Preliminary  to  Irrigation.— The  quantity  of  water  which  it 
is  desired  to  supply  to  the  land  can  be  estimated  from  the  observations  which 
have  already  been  given.  The  following  figures  (which,  when  possible,  should 
be  supplemented  by  direct  observation)  permit  an  estimate  of  the  losses  in 
transit  from  the  river,  or  other  source  of  supply,  to  be  made.  The  capacity  of 
each  individual  channel  of  the  system  can  thus  be  estimated  when  an  accurate 
survey  of  the  irrigable  area  has  been  made.  It  is  not  proposed  to  discuss  the 
methods  adopted  in  such  surveys.  Itroadly  speaking,  the  country  must  be 
mapped  with  an  accuracy  comparable  with  that  attained  by  such  bodies  as  the 
British  Ordnance  Survey,  or  by  other  Government  services.  Practical  experi- 
ence in  checking  the  levels  given  by  Ordnance  surveys  and  good  maps  of 
irrigated  districts  enables  me  to  state  that  the  levels  (although  not  the  topo- 
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grapby)  are  probably  more  accuratdy  determiaed  by  inigatton  engineers.  As 
rough  rules  it  may  be  stated  that  the  level  of  the  ground  suriace  shonld  be 
determined  to  a  tenth  of  a  foot  at  every  comer  of  a  series  of  a  fifth  ofa  mile 
squares,  in  plain  country ;  and  that  the  accumulated  errors  must  be  carefully 
balanced.  I  have  twice  had  to  work  across  a  boundary  of  levelling  operations 
where  the  reference  datum  on  one  side  of  the  boundary  was  30  miles  distant 
from  the  reference  datum  on  the  other  side.  The  difference  was  not  very 
great,  and  the  original  levelling  work  must  have  been  very  accurate,  but  the 
trouble  entailed  was  enormous,  and  In  one  case  led  to  what  might  have  proved 
a  serious  defect  in  the  supply.  Wherever  possible  it  is  therefore  advis^le  to 
select  ridge  lines  as  the  bonndaries  of  the  operations  of  the  variotts  levelling 

In  a  country  with  a  more  accentuated  topography,  such  difficulties  are  less 
likely  to  arise,  but  the  ground  level  will  then  have  to  be  determined  at  more 
closely  spaced  points. 

Absorption,  or  Leakage  from  Channels  ok  RssExyoiss. — The  leak- 
age from  an  unlined  channel)  or  reservoir,  is  so  entirely  dependent  upon  local 
circumstances,  that  any  general  figures  for  its  value  must  be  regarded  as  mere 
indications  of  its  possible  magnitude. 

It  is  of  course  possible  to  obtain  a  theoretical  formula,  by  the  process  em- 
ployed in  the  investigation  of  percolation  under  a  dam  or  weir.  But  this  seems 
useless,  since  the  leakage  occurs  over  so  large  an  area  that  it  would  be  im- 
possible to  ascertain  the  average  permeability  of  the  soil  accurately.  The  same 
difficulty  occurs  in  the  original  investigation,  but  in  that  case  we  need  not  con- 
sider the  permeability  at  a  distance  from  the  work,  for  although  this  may 
largely  influence  the  total  leakage,  it  cannot  materially  affect  the  stability  of  the 
dam.  The  statement  is  illustrated  by  certain  early  British  reservoirs,  where 
the  dam  is  oMistructed  according  to  the  best  British  practice,  with  puddle  walls 
carried  deep  into  impenneable  strata,  and  is  therefore  probably  as  little  liable  to 
leakage  as  any  human  work  of  an  equal  area  can  be.  The  reservoir  sites, 
however,  are  crossed  by  a  geological  fault,  and  the  reservoir  is  consequently 
rendered  practically  useless  by  local  leakage  along  the  line  of  the  fault. 

Some  writers  on  this  subject  have  given  sketches  showing  the  theoretical 
paths  of  the  leakage  water.  Reasoning  on  these  lines,  some  investigators  have 
arrived  at  rules  such  as  the  following  : — 

"A  canal  on  the  lop  of  an  embankment  is  less  leaky  than  one  in  a  cutting," 
etc. 

I  cannot  quarrel  with  their  mathematical  reasoning.  If  the  slopes  of  a  bank 
are  to  be  considered  as  impermeable  boundaries  because  they  do  not  visibly 
•weat,  or  leak  water,  the  proposition  hardly  needs  mathematical  demonstration. 
1  do  object  to  the  idea  that  water  does  not  leak  across  an  earth  surface  because 
it  never  appears  in  a  visible  form  on  such  a  surface.  Actual  calculation  shows 
that,  quite  apart  from  the  rank  growth  of  vegetation  which  is  often  found  on  the 
outer  slopes  of  canal  embankments  or  earthen  dams,  evaporation  from  a  bare 
earth  surface  is  quite  sufficient  to  dispose  of  all  the  leakage  water  that  readies 
it  from  the  canal. 

It  is  generally  found  that  canals  in  bank  do  leak  less  than  those  in  cutting, 
owing  probably  to  the  fact  that  the  rolled  earth  forming  the  banks  is  more 
water-tight  than  the  unrolled  earth  which  usually  forms  the  banks  of  a  canal 
in  cutting. 
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The  only  factors  that  sre  sufHciently  powerful  to  overcome  local  diRereoces, 
such  as  care  in  construction,  height  of  the  bed  above  subsoil  water  level,  etc^ 
are  the  character  of  the  soil,  and  the  amount  of  silt  deposit  that  forms  on  tbe 
bottom  of  the  channel  or  reservoir. 

The  following  figures  represent  the  observed  leakage  (including  evaporation 
from  the  water  surface)  from  certain  French  navigation  canals,  reduced  to 
cusecs  per  million  square  feet  of  wetted  perimeter.  The  figures  usually  refer  to 
the  summit  level  of  these  canals  and  are  therefore  probably  greater  than  would 
usually  occur.  This  opinion  is  confirmed  by  the  fact  that  most  of  tbe  figures  are 
obtained  from  reports  concerning  proposals  for  remedial  measures.  It  is  also 
believed  that  nearly  alt  these  canals  are  supplied  with  water  which  has  been 
stored  in  reservoirs,  and  therefore  contains  very  little  silt.  It  is  quite  certain 
that  (except  for  two  doubtful  cases  where  the  canal  takes  out  from  the  Rhone, 
and  may  therefore  receive  silted  water)  the  water  is  always  extremely  dear 
when  compared  with  the  water  usually  occurring  in  irrigation  canals. 


Fissured  rock 

.  maximum  270; 

average  90 

Chalk 

270  J 

8; 

»       48 

Gravel 

60 ; 

»          S> 

40 

Alluvial  soil 

44; 

.,      i-s ; 

For  very  fine  soils  such  as  occur  in  the  Punjab,  we  have  the  following 
values  (Kenne(}y,  Indian  Irrigation  Cottgress,  190$),  which  refer  to  water 
carrying  much  silt : 


Main  line  of    Bari   Doab.      4000 1 

cusecs  dischaige.     6  feet  deep,  [  Average, 
constructed    in    shingle    and  j 
sandy  soil.  J 

Do.,    Sirhind.      7    feet  deep,    con-  ■ 
structed  in  sandy  soil,  but  the  j 
subsoil   water   level   is    ne; 
to  the  bed  level  than  in 
case  of  the  Bari  Doab. 


Branches,    1000-3000   cusecs.     In  "j 

good  loamy  soil.     No   sandy  I  Average, 
soil.      Side  slopes   silted,    but  f 
no  bed  silt.  ] 

Do.,  Sirhind,     All  sandy  soil.     No  1  Average, 
side  silt,  or  bed  silt.  / 

Distributaries  of  Bari  Doab.     300-  1  Minimum, 
1000   cusecs.      Conditions  as  t 
in  branches,  but  some  fine  silt  (  Average, 
in  bed  in  a  few  cases. 


9'7   cusecs  per  millirai 
square  feet 


I  cusecs  per  million 
square  feet 


cusecs   per   millio 
square  feet. 


•3  cusecs  per  millicni 
square  feet 

'3  cusecs  per  million 
square  feet 
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Do.,  Krhind.    Sandy  soil. 


J  Maxim 

(  Minimum,  s'o 


j  Average, 
I  Maximum, 


cusecs  per  million 
square  feet 


D,=;,|Z...,'C00C^[C 
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Distributaiy  Bnmches,  0-5  to  3  cu-  "i  Minimum, 
sees  discharge.    AH  conditions.  I 
Some  quite  new,  with  no  silt.  (  Average, 
AH  in  loamy  soil.  J  Maximum, 

Minimum, 

Do.,  Sirhind.  All  conditions.  Sandy 
soil. 


Fields.     First  watering.     In  loamy  J 
soil.  I 


Do.     Dry  or  moist     In  sandy  soil 


Average, 
Maximum, 


3'3  cusecs  per  million 
square  feet. 


7   cusecs  per   million 
square  feet. 


5-5  cusecs  per  million  j 
square  feet. 


ra   cusecs  per  million  ■ 
square  feet. 


Maximum,   60 


Judgiing  ftom  the  comments  passed  upon  Kennedy's  statement,  these  values 
are  lower  than  is  usually  the  case  in  India  ;  but  it  must  be  remembered  that  the 
subsoil  water  level  in  the  Punjab  is  generally  far  deeper  below  the  canal  bed 
than  elsewhere  in  India,  while  the  soils  are  finer  in  texture.  Hence,  it  is  prob- 
able that  the  silt  had  stanched  the  beds  in  many  cases.  Kennedy's  figures 
are,  however,  confirmed  by  the  value  of  715  cusecs  per  million  square  feet  lately 
obtained  on  the  Ibrahimiya  Canal  (Egypt),  and  in  this  case  the  canal  would 
not  be  considered  well  silted  in  the  Punjab  sense  of  the  term. 

The  figures  for  the  Punjab  may  be  taken  as  fair  averages,  and  do  not,  like 
the  French  figures,  refer  to  abnormal  cases ;  since  the  discharge  of  all  the 
channels  is  systematically  measured. 

There  is  of  course  little  doubt  that  the  depth  influences  the  leakage,  and  the 
formula :  ;_ 

Cusecs  percolation  per  million  square  feet=C^depthinfeet,  where  forthe 
Punjab  C  is  35,  has  been  proposed  by  Dyas.  This  formula  is  useful  as  show- 
ing the  effect  of  marked  variation  in  depth  when  other  conditions  are  unaltered. 

The  general  results  may  be  summed  up  as  follows  : 

(i)  Cuillemin  stales  that  at  the  first  filling  of  a  new  canal  a  volume  equal  to 
that  of  the  canal  should  be  provided  for  initial  leakage. 

(ii)  The  average  loss  in  those  sections  of  a  canal  which  are  not  unduly 
leaky  may  be  considered  as  about  4  to  8  cusecs  per  million  square  feet,  when 
all  pKissibie  care  is  taken  to  minimiie  losses.  As  the  canal  deteriorates  by  age 
(silt  being  assumed  not  to  be  deposited),  this  quantity  increases  to  double  after 
some  five  to  ten  years. 

<iii)  For  an  old  canal  where  silt  has  never  been  deposited,  or  where  it  has 
been  removed,  such  values  as  zo  to  40  cusecs  per  million  square  feet  are 
possible. 

In  channels  in  rocky  and  fissured  soil,  these  losses  may  be  doubled,  or 
trebled  ;  but  it  must  be  remembered  that  such  abnormally  leaky  sections  cause 
trouble,  and  are  therefore  more  frequently  studied,  and  the  figures  relating  to 
tbem  are  more  frequently  quoted. 

In  some  channels  the  water  table  of  the  surroonding  ground  is  sufficiently 


ly  Google 


740  CONTROL  OF  WATER 

high  to  cause  the  channe]  to  act  as  a  drain.  Here,  no  loss  occnn,  and  gniHid 
seepage  replenishes  the  canaL  For  example,  in  the  first  e^ht  mikes  of  the 
Sirhind  Caoal  it  is  believed  that  seepage  into  the  canal  occurs  at  the  rate  of 
about  5  cusecs  per  million  square  feet. 

(ivj  In  canals  carrying  muddy  water  some  stanching  by  deposition  of  this 
mud  in  the  cracks  and  fissures  of  the  soil  always  occurs,  even  though  silt  is  not 
deposited  in  the  channel.  Kennedy's  values  may  be  taken  as  correct,  and  the 
usual  allowance  in  the  Punjab  for  leakage  at  the  laie  of  S  cusecs  per  minion 
square  feet  of  wetted  perimeter  is  ample.  The  canal  will  probaUy  become 
less  leaky  as  it  ages,  but  any  scour  may  cause  the  leakage  to  iocnasc 
suddenly. 

LisiSG  OF  Irrigation  Cha!inels.—'T\x  figures  given  above  show 
that  in  a  large  canal  system  the  absorption  losses,  between  the  canal  bead 
and  the  fields,  may  reach  50  per  cent,  of  the  total  volume  entering  the  canal, 
and  rarely  fall  below  20  per  cent.  This  loss,  as  it  tends  to  raise  the  sabsoil 
water  level  and  encourage  waterlogging  and  alkaline  soils,  is  directly  detri- 
mental. 

Thus  linings  to  stop  percolation  have  been  frequently  proposed.  Earthen 
channels  lined  with  concrete  or  rcsMiered  with  cement,  and  iron  pipes  form  the 
standard  systems  of  distribution  in  Southern  California.  In  my  own  practice, 
I  have  usually  found  that  wherever  the  water  is  lifted  more  than  20  or  30  feet 
similar  linii^  (of  the  main  channels  at  any  rate)  will  always  earn  interest  on 
their  cost  by  the  diminution  secured  in  the  (tiel  bill. 

In  gravitation  and  large  ptnnping  schemes,  however,  sncfa  linings  are  too 
costly. 

The  University  of  California  and  the  Punjab  Irrigation 'Department  have 
carried  out  many  experiments.  The  linings  tried  include  concrete  (lime  and 
cement),  cement  rendering,  oiled  paper,  mixtures  of  lig^it  and  heavy  oils  with 
gravel  and  dry  earth,  puddle  ctay,  etc 

The  only  effective  linings  appear  to  be  the  concretes,  rendering,  puddle 
clay  and  oiledpaper.  Tlie  last  deteriorates  with  age,  and  the  last  two,  mriess 
made  too  thick  to  be  economical,  are  very  easily  perforated  and  rendered  less 
efficient  by  animals  trespassing  on  the  channels  to  drink. 

The  following  figures  may  be  useful ; 
Loss  in  untined  Catifornian  chanDels='9'4  cusecs  per  million  square  feet 


Loss  in  channels  lined  with 

2i-inch  11 
l-inch  cement  mortar 
3|-inch  puddle  clay    . 
oiled  paper    . 


of  u 


,    =S'2 


The  puddle  clay  does  not  appear  to  have  been  good  puddle,  but  there  are 
very  few  irrigation  districts  where  good  paddle  is  available. 

Leakage  of  Reservoirs.—O'm  favourable  circumstance  exists  in  the  case 
of  a  leaky  reservoir.  There  being  no  current  to  remove  silt,  stanching  of  the 
percolation  pass^es  takes  place  ;  and,  unlike  a  fiowing  canal,  the  leakage  of  a 
reservoir  will  decrease  with  age. 

Further  than  this,  it  appean  impossible  to  make  any  stateniests.  Modem 
studies  show  that  the  evaporation  from  tkc  water  surftce  of  a  large  reserroir  is 
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considerably  less  than  (usually  about  f)  that  which  is  observed  in  ordinary 
evaporation  pans. 

Now,  engineers  have  been  accnstomed  to  apply  the  results  of  evaporation 
pans  in  order  to  obtain  the  loss  £coib  large  reservoirs,  and  no  discrepancy  which 
is  so  extensive  as  to  arouse  snspidon  has  yet  been  noticed.  It  would  therefore 
appear  that  the  leakage  Uoxn  reservoirs  is  generally  small,  uid  that  it  does  not 
probably  exceed  a  depth  of  i  foot  annually  in  the  case  of  a  good  reservoir. 

It  must  be  remembered  that  in  dry  years  when  the  reservoir  is  drawn  down 
below  its  normal  level,  percolation  occurs  from  the  ground  into  the  reservoir. 
Herschell  and  Ftely  have  estimated  this  at  as  much  as  10  per  cent,  of  the 
volume  of  the  reservoir. 

A  safe  and  practical  rule  appears  to  be  as  follows  : 

Allow  for  evaporation  and  leakage  combined  the  quantity  reported  as 
evaporated  from  a  free  water  surface,  i>.  from  a  small  evaporation  pan. 

The  real  difficulty  is  that  the  total  leakage  is  probably  less  than  2  per  cent, 
of  the  volume  received  by  the  reservoir ;  and  usually  we  cannot  accurately 
measure  such  volumes  to  z  per  cent.,  the  probable  error  being  about  5  per 

The  fcrilowing  figures  represent  the  allowances  for  leakage  plus  evaporation 
which  are  usually  made  in  practice  : 

Allowances  are  rarely  made  in  Great  Britain,  but  1  feet  per  atmum  seems  to 
be  a  maumum. 

Id  Germany,  1*64  feet  (0*5  metre),  or  occasionally  2*46  feet  is  allowed. 

In  India,  from  6  to  7  feet ;  or  where  reservoirs  are  known  to  leak,  10  feet 
has  been  allowed,  and  13  to  i;  feet  has  been  observed  under  un&vourable 
circnmstancea.  These  allowances  are  usually  stated  to  refer  not  to  the  year, 
but  10  the  interval  between  the  end  and  the  beginning  of  two  successive  wet 

In  Australia,  6  feet  is  allowed,  but  this  is  inEufficient  in  the  hotter 
districts. 

In  South  Africa,  the  usual  allowance  appears  to  be  7  feet  per  annum;  and 
this  refers  to  valley  reservoirs  in  mountainous  country,  so  that  the  conditions 
axe  favourable. 

In  the  Eastern  United  States,  40  inches  csed  to  be  allowed,  and  in  the 
.  Western  arid  tracts  estimates  are  based  on  a  value  of  8  to  10  feet  per 
annum. 

RsGDLATioif  OF  AN  tssiGATiOif  SvsT&M.—Tht  6^tKS  given  during  the 
discussion  of  the  irrigation  duty  of  water  will  render  it  plain  that  the 
agricultural  requirements  of  a  cropped  area  are  variable.  Quite  apart  from 
such  climatic  conditions  as  falls  of  rain  or  unusually  hot  spells  of  weather, 
land  invariably  requires  water  to  be  su[^lied  at  a  greater  rate  during  the 
{rioughing  season  than  later  on  when  the  crops  are  growing. 

Similarly,  the  available  supply  in  the  river,  or  other  source  from  which  the 
water  is  drawn,  may  vary  from  day  to  day. 

The  adjustment  of  supply  to  demand  therefore  forms  a  very  intricate  pro- 
blem, which  deserves  the  best  efforts  of  all  concerned,  since  the  success  or 
failure  of  the  system  largely  depends  on  the  efficiency  of  this  adjustment. 
Putting  local  conditions  aside,  it  is  plain  that  in  a  season  when  the  demand 
or  the  maximum  available  supply  was,  say,  three-quarters  of  the  maximum 
quantity  which  the  canal  can  carry,  it   would  be  futile  to  distribute  this 
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diminished  quantity  of  water  pro  rata  among  the  individual  branch  canab,  so 
that  each  carried  about  three-quarters  of  its  maximum  supply. 

The  correct  distribution  is  plainly  obtained  by  shutting  down  cert^n  branch 
canals,  (he  combined  capacity  of  which  is  about  one-quarter  of  that  of  the 
whole  system  entirely,  and  running  the  remaining  channels  fiill  bore.  Thus, 
any  difficulties  caused  by  variations  in  the  water  level  are  prevented.  As  a 
general  principle,  a  channel  from  which  inigation  is  effected  should  always 
carry  something  between  0*9  and  ri  of  its  designed  maximum  supply,  or  else 
be  bone  dry. 

For  this  reason,  the  areas  which  are  commanded  by  the  lai^er  channels 
(i.<.  the  main  canal  and  the  three  or  four  lai^est  branches)  should  not  be 
irrigated  directly  from  these  channels,  but  from  small  branch  canals  taking  off 
from  the 'main  cbamicis,  and  in  some  cases  running  for  long  lengths  not  more 
than  100  feet  distant  from  the  parent  channel.    (Sketch  No.  216.} 

The  preparation  of  a  systematic  tabic  showing  the  periods  during  which 
each  individual  channel  receives  its  full  supply  is  a  matter  that  can  only  be 
arrived  at  by  long  experience.  The  principles  are  obvious  :— The  preliminary 
local  investigations  give  fvUl  information  regarding  the  permissible  interval 
between  successive  waterings,  and  this  interval  must  form  the  basis  of  the 
table,  since  each  individual  irrigation  channel  must  receive  its  full  supply  at 
least  once  during  this  interval.  During  the  early  years  of  the  system  careful 
studies  of  the  available  supply  and  of  the  normal  demand  must  be  made  ;  and 
finally,  after  some  five  or  six  years  have  elapsed,  a  fair  working  schedule  can 
be  laid  down.  This  schedule  will  require  modification  from  time  to  time,  as 
the  irrigated  area  increases,  or  as  the  staple  crops  change.  The  existence  of 
such  changing  conditions  forms  the  only  real  reason  for  the  services  of  an 
expert  engineer  on  an  old  and  well  maintained  canal,  and  it  is  therefore  plain 
that  irrigation  engineers  who  aspire  to  be  more  than  supervisors  of  small 
repairs  must  consider  their  position  mainly  dependent  on  the  efficiency  with 
which  they  contrive  to  utilise  the  available  water  to  the  best  advantage. 

The  watercourses  taking  out  from  each  small  ^stributary  of  a  canal  system 
must  also  be  regulated  on  the  same  principles  during  the  period  over  which  it 
receives  water,  and  a  table  of  the  times  during  which  each  individual  fanner  is 
entitled  to  use  the  fiill  supply  of  the  watercourse  which  irrigates  his  fields  must 
be  dmwn  up.  The  days  of  the  week,  or  the  hours  of  the  day  form  convenient 
and  unmistakable  divisions.  As  a  general  rule,  so  long  as  the  distributary 
receives  water,  each  watercourse  should  be  open,  and  should  be  permitted  to 
take  its  full  supply.  Any  attempt  to  close  off  individual  watercourses  is  usually 
considered  unjust,  and  invariably  leads  to  "unauthorised  irrigation,"  and  the 
manufacture  of  "  legal  crimes  "  is  an  unprofitable  affair. 

Alkaunk  Soils.— a  soil  may  be  considered  to  be  alkaline  when  it  contaiss 
a  sufficient  quantity  of  soluble  salts  to  interfere  decidedly  with  the  growth  of 
crops  under  circumstances  which  favour  this  interference.  Consequently,  the 
term  covers  a  very  extensive  range  of  conditions,  varying  from  soils  covered 
with  layers  of  common  salt,  some  3  or  3  inches  in  depth  (capable  under 
favourable  circumstances  of  being  utilised  commercially),  to  those  which  contain 
distributed  throughout  their  top  3  or  4  feet  a  quantity  of  soluble  salts  which 
is  just  suflUcient  to  damage  delicate  plants  when  concentrated  into  the  top  2 
or  3  inches  of  the  soil. 

The  salts  which  usually  render  a  soil  alkaline  are  sodium  chloride,  sodinm 


ly  Google 


ALKALI  743 

sulphate,  and  sodium  carbonate,  but)  damage  has  also  been  traced  >to  niag- 
nesiuRi  sulphate,  and  chloride,  and  to  calcium  chloride.  The  most  dangerous 
"  alkali "  is  sodium  carbonate  (the  so-called  black  alkali  of  the  United  States), 
since  a  far  smaller  quantity  of  this  salt  suffices  to  reader  a  soil  alkaline,  than 
any  of  the  others  (with  the  possible  exception  of  calcium  chloride).  The 
practical  problems  relating  to  the  removal  of  all  these  salts,  however,  are  more 
or  less  identical  It  must  be  realised  that  once  water  is  applied  to  an  alkaline 
soil,  reactions  transforming  the  original  sodium  chloride  into  say  sodium 
carbonate,  and  calcium  chloride,  are  not  only  possible,  but  actually  lake 
place  under  favourable  circumstances.  At  present  the  exact  conditions  are  not 
well  known,  except  that  the  dangerous  black  alkali,  sodium  carbonate,  can  be 
more  or  less  rapidly  transformed  to  the  less  harmful  sodium  sulphate  by  the 
action  of  powdered  gypsum  in  the  presence  of  water.  The  chemical  reaction 
is  expressed  as  follows : 

Na,CO,+CaSO,=CaCO»+Na,SO( 
As  calcium  carbonate  is  very  insoluble  under  all  conditions,  the  reaction  is 
fairly  certain.    On  the  other  band,  such  reactions  as  ; 

aNaCl + CaCOj = CaCl, + Na,CO, 
although  theoretically  possible,  depend  (imdei  practical  conditions)  on  such 
matters  as  the  temperature  and  the  amoimt  of  water  present,  and  are  therefore 
by  no  means  certain  to  occur. 

Practically,  therefore,an  engineer  can  be  satisfied  with  regarding  all  alkaline 
soils  as  alkaline  without  drawing  any  distinctions  as  to  the  chemical  composition 
of  the  salts  present,  and  will  find  that  the  practical  methods  either  for  removing 
alkalinity,  or  for  preventing  its  occurrence,  are  not  markedly  affected  by  the 
chemistry  of  the  alkali.  The  chemical  composition  of  the  alkali  is  known  to 
have  a  decided  influence  upon  the  time  and  quantity  of  water  required  to  re- 
move it.  As  yet  the  matter  has  not  been  exhaustively  studied,  and  only  relative 
values  can  be  given. 

Soils  .which  are  rendered  alkaline  by  sodium  chloride  (and  probably  all 
-  other  chlorides)  are  relatively  easily  reclaimed.  Sulphate  alkalis  are  somewhat 
less  easily  removed,  but  cannot  be  regarded  as  difficult  to  deal  with.  Sodium 
carbonate  is  a  far  more  difficult  proposition.  It  appears  to  render  the  soil  less 
permeable,  as  may  easily  be  observed  by  adding  a  few  drops  of  a  solution  of 
sodium  carbonate  to  a  cubic  foot  of  sand  and  testing  the  permeability  both 
before  and  after  the  addition  of  the  salt.  In  consequence,  the  soil  appears  to 
be  capable  of  choldag  drain  pipes  and  entering  into  gravel  beds  in  a  manner 
which  leads  me  to  believe  (although  I  have  been  unable  to  detect  the  effect 
microscopically)  that  the  individual  graius  of  the  soil  are  broken  up.  While 
soils  which  are  heavily  charged  with  sodium  carbonate  have  been  reclaimed 
and  rendered  fit  for  croptMog,  1  consider  that  the  process  is  rarely,  if  ever, 
economically  profitable.  Dressing  with  gypsum  (as  'sjready  indicated)  appears 
to  be  a  necessary  preliminary.  . 

The  engineer's  classification  of  alkaline  soils  is  as  follows  : 
(a)  Soils  which  are  naturally  alkaline. 
(d)  Soils  which  are  artificially  alkaline. 
Soils  belcmging  to  the  first  class  are  those  which,  prior  to  irrigation,  contain 
suflncient  alkali  to  prevent  growth.     It  is  of  course  quite  possible  that  this 
alkali  is  a  relic  of  former  irrigation. 
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The  soils  of  the  second  class  are  at  first  capable  of  sapporttng:  the  growth  of 
crops  ;  but  they  contain  (either  equally  distributed  throughout  the  depth  of  the 
soil,  oi  obtained  from  the  water  used  Cor  lrngation),a  sufficient  quantity  of  alkaline 
salts  to  prevent  crop  growth  if  concentrated  in  the  upper  layer  of  the  soil,  i^. 
the  upper  i,  to  3  inches  depth. 

The  problem  of  irrigation  in  connection  with  alkaline  soils  therefore  consists 

(i)  The  reclamation  of  soils  of  class  {a). 

(ii)  The  treatment  of  soib  of  class  (b),  in  such  a  manner  ac  to  prevent  their 
becoming  alkaline. 

The  reclamation  of  alkaline  soils  is  a  very  simple  process  in  principle.  The 
soil  is  covered  with  water  which  dissolves  the  soluble  salts,  and  this  water  is 
droned  off,  carrying  away  the  salts.  The  details  are  by  no  means  simple. 
Alkaline  soils  rarely  contain  much  above  3  per  cent,  by  weight  of  alkali,  and 
were  it  possible  to  obtain  a  solution  even  approxiniately  saturated,  a  watering 
of  about  4  inches  depth  should  be  sufficient  to  remove  the  alkali  in  the  top 
3  feet  of  soil.  As  a  matter  of  fact,  the  last  remnants  of  the  alkaline  salts 
are  very  difficult  to  wash  away.  The  process  actually  consists  in  removing 
sufficient  salts  from  the  top  layers  of  the  soil  to  permit  the  growth  of  some 
plant  (e.g.  Pamtum  crus  gaili,  or  some  varieties  of  clover),  which  is  more  thao 
usually  resistant  to  tbe  action  of  alkaline  salts.  Having  thus  obtained  a 
covering  to  the  soil,  so  as  to  prevent  abnormal  evaporation,  the  remaindcx  of 
the  alkali  is  washed  down  by  the  water  used  for  irrigating  the  first  cro|^  as  it 
percolates  to  the  drains. 

The  most  easily  reclamed  land  is  that  which  is  alkaline  by  nature,  e.g.  the 
beds  of  dtied-np  salt  lakes,  such  as  occur  in  the  Western  United  States,  India, 
^ypt,  and  elsewhere.  In  such  cases,  it  is  sufficient  to  dig  drains  about  66  feet 
apart,  and  of  such  a  depth  that  the  drainage  water  stands  about  i  foot  3  inches 
to  I  foot  6  inches  below  the  soil  level.  The  earth  excavated  from  the  drains  is 
thrown  out  on  either  side  so  as  to  form  banks  to  retain  the  washing  water,  as 
is  shown  in  section  in  Sketch  No.  231. 

The  great  difficulty  usually  found  in  such  work  is  to  obtain  a  sufficient  fiall 
to  ensure  good  drainage.  The  problem  is  that  of  irrigating  low-lying  land  with 
large  quantities  of  water,  and  yet  preventing  waterlc^iging.  The  two  con- 
ditions are  to  a  certain  degree  antagonistic. 

The  natural  slope  of  the  soil  is  rarely  sufficient ;  and,  in  consequence,  tbe 
drainage  water  has  frequently  to  be  pumped  out  artificially.  The  larger  drains 
most  therefore  be  very  deep  close  to  the  pump,  in  order  to  obtain  a  correct  fall. 
It  will  therefore  be  found  that  one  pump  cannot  economically  drain  much  more 
than  3500  acres.  The  pumps  may  be  proportioned  so  as  to  deal  with  I  cusec 
per  150  acres  during  reclamation,  although  i  cusec  per  350  acres  will  suffice  to 
keep  the  reclaimed  land  properly  drained.  Unless  ample  water  is  available,  tbe 
extra  pump  capacity  only  permits  a  slightly  more  rapid  reclamation. 

The  rate  at  which  reclamation  proceeds  depends  almost  entirely  upon  the 
permeability  of  the  soil.  It  will  be  found  that  where  previous  to  reclamation, 
the  soil  has  been  trodden  on,  or  has  otherwise  been  rendered  hard  (e^.  foot- 
paths, or  places  where  materials  have  been  deposited)  it  remains  alkaline  long 
af^er  the  surrounding  soil  has  been  reclaimed. 

The  following  sketch  (No.  221)  shows  the  n>ethods  developed  by  Anderaon 
and  Sheppard  (see  P.l.C.E.,  vol.  101,  p.  1S9)  at  Lake  Aboukir. 
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The  large  fields  A  B  C  D  are  31S0  feet  long  (1000  metres;  by  984  feet  wide 
(300  metres).  The  main  drains  and  irrigation  canals  run  along  A  C,  and  B  I>, 
as  shown  in  section  at  E.  Along  A  B  and  C  D,  rnn  the  secondary  drains,  as 
shown  at  F  ;  and  an  irrigation  canal  of  equal  cross-section  is  dug  down  the 
middle  of  the  plot. 

The  minor  drains  are  usually  about  2*3  feet  deep,  with  a  bottom  width  of 
0*83  foot,  but  vary  with  the  nature  of  the  soil.  Consequently,  the  plot  is  cut  up 
into  twenty  smaller  plots,  each  328  feet  wide  by  492  feet,  drained  by  a  minor 
drain,  and  surrounded  by  small  banks  which  permit  them  to  be  flooded  to  adepth 
of  I  foot,  to  iS  inches. 

The  slope  of  the  drains  is  usually  less  than  m^oon,  but  where  the  slope  of 
the  ground  permits,  steeper  slopes  are  adopted. 

The  general  conditions  are  favourable.    The  soil  consists  of  about  3,  to  3 
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feet  of  loamy  clay,  underlain  by  a  stratum  of  sand,  which  aRbrds  a  very 
efficient  subsoil  drainage.  The  plan  was  successful  on  the  more  easily  re- 
claimed portions  of  the  soil,  but  at  the  present  date  (igio),  when  the  last 
remnants  of  the  area  are  being  reclaimed,  a  far  closer  spacing  of  the  minor 
drains  is  found  requisite,  and  the  average  size  of  a  plot  may  be  taken  as  about 
1 70  feet  by  400  feet,  instead  of  330  feet  by  500  feet, 

The  average  quantity  of  sail  removed  in  the  early  days  was  about  8  lbs. 
per  cubic  foot  of  water  pumped.  This  may  be  considered  as  very  good  work. 
At  present,  similar  details  cannot  be  given  ;  but  it  is  probable  that  owing  to  the 
great  amelioration  affected  in  the  whole  area,  not  much  more  than  2  lbs.  of  salt 
per  cubic  foot  of  water  is  removed  when  the  quantity  which  is  used  for  re- 
clamation is  alone  considered. 

The  above  methods,  combined  with  wider  or  closer  spacing  of  drains  (accord- 
ing to  local  circumstances),  will  usually  suffice  for  the  reclamation  of  any  soiL 


ly  Google 


746  CONTROL  OF  WATER 

A  very  fair  estimate  of  the  necessary  spacing  of  the  drains,  together  with 
their  depth,  can  be  made  by  observing  the  effect  of  two  parallel  drains  on  the 
slope  of  the  subsoil  water  between  them. 

The  drains  must  be  sufficiently  deep  and  close  together  to  keep  the  subsoil 
water  level  say  i,  or  2  feet  betow  the  natural  surface  at  the  points  farthest 
removed  from  them,  and  when  cotton  and  other  delicate  crops  are  put  in  this 
depth  must  be  increased  to  3  or  even  4  feet  by  deepening  the  drains  or  con- 
strue ling  extra  drains. 

A  more  rapid  reclamation  can  usually  be  eiTected  by  means  of  shallow 
cross  drains,  which  split  up  the  plots  into  smaller  areas.  I  have  noticed  that 
practical  agriculturists  in  Egypt  and  India  are  quite  capable  of  making  these 
cross  drains  themselves  ;  and  from  their  intimate  acquaintance  with  each  field 
they  obtain  belter,  and  more  economical  results,  than  any  regular  spacing  such 
as  an  engineer  will  lay  out  can  give. 

The  engineer's  business  may  be  considered  as  finished  once  he  has  pvt 
in  the  drains  shown  in  Sketch  No.  221,  and  has  designed  them  of  such  a  size 
that  the  normal  stoppage  of  the  pumps  (e.^.  at  night)  does  not  permit  the 
water  to  rise  higher  than  one  foot  below  ground  leveL  The  details  depend 
upon  the  staple  crop,  and  must  be  adjusted  in  accordance  with  its  peculiarities. 
The  best  results  are  of  course  obtained  by  first  cultivating  a  crop  such  as 
Panicum  crus  gaiii,  or  coarse  rice,  later  barley,  and  waiting  some  years  before 
deeper  rooted  crops  (such  as  wheat,  or  cotton),  which  are  more  easily  aflected 
by  alkali,  are  sown. 

It  will  be  plain  that  the  principles  here  laid  down  might  be  modified. 
Thus,  in  some  cases,  open  drains  have  been  replaced  by  a  system  of  covered 
tile  drains,  as  used  in  England  for  draining  agricultural  land.  A  certain 
economy  both  in  water  and  time  was  thus  effected  at  Sakalous  (see  Barrois, 
Irrigations  en  Egyfti).  The  method,  however,  is  costly,  and  in  certain 
cases  near  Cawnpore  ("  Private  Letter  from  the  Director  of  Agriculture"),  the 
drains  were  rapidly  choked  by  particles  of  the  soil,  which  appears  to  have  been 
unusually  fine  in  texture. 

So  also,  reclamation  has  been  attempted  by  flooding  large  areas,  and 
draining  off  the  water,  after  a  period  of  ten,  or  twenty  days,  when  saturated 
with  salt.  The  process  is  tedious,  costly  in  water,  and  the  banks  are  liable 
to  dam^e  by  wave  action.  So  far  as  1  am  aware,  permanent  success 
has  never  been  attained,  although  the  method  may  prove  useful  provided 
that  systematic  drainage  is  carried  out  as  soon  as  crops  can  be  grown  on  the 
land. 

In  all  reclamation  work  on  soils  of  this  class  the  engineer  must  bear  in 
mind  that  the  land  should  be  handed  over  to  the  agriculturist  as  rapidly  as 
possible.  As  soon  as  a  crop  of  even  the  coarsest  quality  can  be  persuaded 
to  grow  over  the  whole  surface  of  a  plot,  the  further  progress  of  reclamation 
entirely  depends  on  the  standard  of  the  cultivation  which  the  land  receives. 
TTic  engineer  can  damage  the  land  by  neglecting  the  drainage  channels,  or 
by  giving  a  bad  water  supply.  But  once  a  plot  of  land  has  been  reclaimed 
sufficiently  to  support  a  crop  which  is  capable  of  resisting  a  little  alkali,  the 
most  careful  drainage  and  washing  will  produce  but  little  progress  unless 
supplemented  by  careful  cultivation.  TTie  further  improvement  is  apparently 
entirely  due  to  diminished  evaporation  produced  by  the  shade  afforded  by 
the  crop.    Such  operations  as  mulching,  surface-hoeing,  and  green  tnanuring. 
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produce  rapid  improvement,  and  should  be  adopted  vx  bad  cases,  even  if  not 
necessary  for  the  crop  actually  on  tbe  ground. 

[n  Egypt  and  in  India  little  difficulty  is  expeiienced  in  persuading 
agriculturists  to  rent  and  cultivate  a  plot  which  has  produced  a  crop  of 
coarse  rice,  beerseem  (Egyptian  clover),  or  Particum  (rus  galli.  The  leases 
should  of  course  contain  provisions  preventing  the  obstruction  of  drains,  or 
other  interference  with  the  drainage  worlcs. 

Soils  belonging  to  the  second  class  become  alkaline  through  the  salt 
contained  either  in  the  soil,  or  in  the  irrigation  water,  being  carried  up 
to  the  surface  of  the  land,  and  concentrated  there  by  evaporation. 

Although  the  natural  content  of  alkaline  salts  in  the  soil  has  a  certain 
effect,  all  water  for  irrigation  contains  sufficient  salts  to  render  the  soil 
alkaline,  if  continually  applied  in  excess,  and  allowed  to  stagnate  on  the  soil 
and  evaporate.  We  may  therefore  consider  that  if  more  water  is  applied  to  a 
soil  than  is  required  for  vegetation,  combined  with  the  quantity  which  can  be 
drained  away  through  the  lowest  layers  of  the  soil,  the  soil  will  sooner  or  later 
become  alkaline. 

Where  the  soil  itself  contains  an  appreciable  proportion  of  alkaline  salts, 
tbe  action  will  be  more  rapid.  If  the  soil  is  naturally  very  alkaline  to  start 
with,  one  or  two  seasons  of  irrigation  may  finish  the  process.  Over-inigation 
will  render  any  soil  alkaline  in  time. 

It  will  be  plain  that  the  process  is  as  follows :— Capillary  action 
raises  the  excess  water  with  its  quota  of  dissolved  salts  to  the 
surface.  Evaporation  then  removes  the  water,  and  the  dissolved  salts 
are  very  rapidly  concentrated  at  the  surface,  and  stop,  or  impede  plant 
growth. 

The  best  method  of  preventing  such  action  consists  in  drainage  with  a  view 
to  removing  the  excess  water.  Prevention  of  evaporation,  although  of  secondary 
importance,  is  also  very  helpful. 

The  worst  damage  is  caused  by  the  application  of  a  greater  quantity  of 
water  than  can  be  disposed  of  by  vegetation  and  percolation.  Therefore, 
accidents  apart,  the  less  permeable  soils  are  those  which  most  rapidly  become 
alkaline.  For  this  reason, -the  reclamation  of  soils  rendered  alkaline  by  over- 
irrigation,  is  a  far  more  difficult  problem  than  the  reclamation  of  naturally 
alkaline  land;  since  drainage  difficulties  aro  increased  by  the  groater  im- 
permeability of  the  soil. 

Precautions  against  alkalinity  are  consequently  far  more  important  than  the 
reclamation  of  land  which  has  become  alkaline. 

As  a  rough  index,  the  depth  at  which  the  subsoil  water  level  lies  below 
the  natural  surface  of  the  ground  is  most  easily  ascertained  ;  although,  as 
already  stated,  this  does  not  allow  for  the  effect  of  variations  in  tbe  perme- 
ability of  the  soil.  Orders  exist  in  the  Punjab  to  the  elTect  that  when  the 
depth  of  water  below  soil  level  is  less  than  25  feet,  only  25  per  cent,  of  the 
land  is  to  receive  canal  water  each  year,  the  remaining  irrigation  being 
effected  from  wells.  When  the  water  is  more  than  25  feet  below  soil  level, 
and  less  than  40  feet,  the  permissible  quota  of  canal  irrigation  rises  to 
40  per  cent.  When  more  than  40  feet  below  soil  level,  the  quota  reaches 
75  per  cent. 

I  am  not  aware  that  these  rules  are  ever  enforced,  and  it  may  be  stated 
that  any  rigid  insistence  would    be  inadvisable.      They  may  be  taken  as 
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representing  the  percentage  of  area  which  it  is  desirable  to  irrigate  when 
canal  water  is  first  introduced.  Even  so,  it  must  be  understood  that  the 
limitations  apply  to  very  large  areas.  Consequently,  zooes  where  the  water 
is  less  than  33  feet  below  soil  level,  at  the  initiation  of  canal  irrigation, 
may  be  considered  as  exposed  to  the  danger  of  waterlogging  not  only  by  local 
irrigation,  but  also  by  percolation  from  large  areas  higher  up  the  canal,  where 
the  subsoil  water  is  more  than  25  feet  below  the  ground  level. 

As  a  matter  of  fact,  good  crops  are  raised,  and  irrigation  up  to  75  per  cent., 
and  even  iiq  per  cent  of  the  area  of  the  land  (allowing  for  double  crops) 
goes  on  in  places  where  the  subsoil  water  level  is  only  6  feet  below  soil  level, 
provided  that : 

{a)  There  is  a  good  drainage,  provided  by  natural  stream  channels  or 
artilicial  drains. 

{b)  This  intense  over-irrigation,  and  high  subsoil  water,  are  local,  and 
extend  only  over  a  small  area,  so  that  the  subsoil  water  slopes  arc  steep,  and 
subsoil  drainage  is  therefore  good. 

It  can  generally  be  stated  that  such  limited  irrigation  as  is  indicated  above, 
under  Indian  conditions  ii.e.  corresponding  to  31,  34,  and  i'6  cusecs  pet  1000 
acres  of  gross  area  according  to  the  depth  to  subsoil  water)  does  not  give  rise 
to  any  very  marked  and  continuous  increase  of  the  subsoil  water  level  year 
after  year.  The  alkaline  soil  question  in  the  Punjab  is  (comparatively  speaking) 
a  very  minor  one,  thanks  not  so  much  to  the  limitations  of  the  percentage  of 
the  area  irrigated,  as  to  the  economy  in  water  exercised  by  the  irrigators. 
While  local  limitations  are  badly  required,  no  universal  waterlogging  has 
occurred  when  the  water  is  supplied  in  quantities  equal  to  those  slated  above, 
even  althoagh  occasionally,  and  on  isolated  estates,  a  larger  quantity  has  been 
allowed,  and  the  subsoil  level  is  close  to  the  natural  surface. 

The  question  is  far  more  acute  in  li^gypt.  Here,  in  place  of  quantities  erf 
water  as  above  mentioned,  the  supply  for  "  dry  "  crops  (corresponding  to  Indian 
conditionsX  is  about  8  cusecs  per  1000  acres  ;  and  for  rice  about  16  cusecs  per 
iQoo  acres.  The  slope  of  the  country  is  much  flatter,  and,  in  consequence, 
the  natural  drainage  channels  which  generally  suftice  in  the  Punjab  are  inade- 
quate, and  artificial  drains  with  a  capacity  of  3,  to  5,  cusecs  per  1000  acres  have 
fo  be  constructed. 

Taking  the  case  of  the  early  American  irrigators,  who  used  25,  to  30  cusecs 
per  1000  acres,  it  is  not  surprising  to  find  that  virgin  land  was  very  rapidly 
rendered  alkaline.  Two  years  usually  sufficed  in  unfavourable  cases,  and  ten, 
to  twelve  years  was  almost  the  maximum  period  of  fertility.  On  the  other 
hand,  some  of  the  very  carefully  irrigated  orchards  of  CalifbmiH,  although 
undraincd,  and  lying  in  hollows,  such  that  the  subsoil  water  is  but  8,  or  9  feet 
below  the  natural  surface,  show  no  signs  of  alkalinity,  in  spite  of  this  accumu- 
lation of  unfavourable  circumstances.  Salvation  here  is  probably  entirely  due 
to  the  lining  of  the  channels  (see  p.  740), 

The  principles  are  therefore  obvious.  When  the  first  signs  of  alkalinity 
appear,  a  drainage  system  should  be  laid  out,  and  should  be  extended  as  neces- 
sary. Every  possible  means  for  securing  economy  in  water  used  for  irrigation 
should  also  be  employed. 

As  a  matter  of  practice,  when  land  has  once  become  thoroughly  alkaline 
through  over- irrigation,  it  is  usually  found  less  costly  to  abandon  the  land  and 
irrigate  new  tracts.    This  is  not  a  desirable  solution  of  the  difficulty,  but  the 
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t  serves  to  emphasise  the  importance  of  taking  preventive  measures 
as  soon  as  any  alkalinity  becomes  apparent. 

There  is  a  fair  amount  of  evidence  to  show  that  if  land  becomes  alkaline, 
and  is  at  once  reclaimed  by  washing,  it  will  be  found  to  have  deteriorated  in 
fertility,  the  salts  essential  for  plant  life  having  apparently  been  removed  with 
the  alkali.  Thus,  in  Egypt,  such  lands  are  often  treated  by  warping  with  silt, 
in  the  hope  of  restoring  their  fertility  by  the  manurial  value  of  the  sill. 

Lands  which  have  been  alkaline  for  a  long  period,  and  are  then  reclaimed, 
do  not  appear  to  be  thus  prejudicially  affected  to  any  very  marked  d^^ree. 

This  is  not  easy  to  explain,  as  very  little  is  known  about  the  chemistry  of 
such  soils,  but  the  matter  must  be  borne  in  mind  when  such  questions  are 
dealt  with. 

SiLT.^The  term  silt  is  a  convenient  expression  for  all  non-floating  sub- 
stances carried  forward  by  water  flowing  in  rivers  and  canals,  and  may  be 
contrasted  with  drift,  which  includes  all  floating  substances. 

From  an  engineer's  point  of  view,  two  classes  of  silt  exist,  in  all  rivers  which 
carry  sih.     These  are  ; 

(i)  Bed  silt,  which  is  nriled  along  the  bottom  of  the  river,  rather  than 
carried  forward. 

(ii)  Lighter  particles  of  silt,  which  are  carried  forward  in  suspension  in  the 
water,  as  turbid  matter,  or  suspended  silt. 

If  the  journeyings  of  individual  particles  could  be  traced,  it  would  probably 
be  found  that  there  were  very  few  which  were  not  sometimes  included  in  the 
bed  silt,  and  at  other  periods  were  suspended  in  the  water;  yet,  the  general 
characteristics  of  a  sample  of  bed  and  suspended  silt  are  widely  different 

The  factor  which  determines  whether  a  particle  performs  the  greater  part 
of  its  travels  in  the  form  of  bed  or  suspended  silt  is  evidently  the  relation 
between  its  size  and  the  velocity  of  the  water  near  the  bottom  of  the  channel. 
If  this  velocity  {as  discussed  on  p.  488}  is  large  enough  to  lift  and  suspend  the 
particle,  it  will  (except  for  certain  short  periods  between  jumps)  be  lifted  off 
the  bottom  of  the  channel  and  will  be  carried  fonvard.  Whereas,  a  somewhat 
larger  particle  will  be  rolled  forward  as  described  in  the  above  reference. 
Hence,  the  larger  and  coarser  particles  of  the  silt  form  the  bed  silt,  and  the 
liner  particles  are  carried  forward  in  suspension.  Consequently,  bed  silt  is 
coarser  and  more  gritty  than  suspended  silt,  and  may  be  said  to  be  a  sandy 
material ;  while  the  suspended  silt  is  (comparatively  speaking)  clayey.  Rivera 
exist  where  the  term  gravelly  might  be  substituted  for  sandy,  and  then  of 
course  the  suspended  silt  would  be  mainly  sandy  in  nature  ,'  but  the  relative 
distinction  remains,  and  once  this  distinction  has  been  pointed  out,  there  is 
very  little  doubt  as  to  the  class  to  which  a  deposit  should  be  assigiied. 

The  term  "  rolling,"  can  hardly  be  considered  to  correctly  describe  the 
manner  in  which  bed  silt  travels.  When  a  channel  is  examined  which  is 
heavily  charged  with  silt,  it  will  be  found  that  the  bottom  usually  forms  a  series 
of  steps  rising  about  i'  in  id  and  then  dropping  on  the  downstream  side  at 
I  :  I,'  much  like  a  flat  sand  dune.  It  would  therefore  appear  that  the  motion 
of  the  particles  of  bed  silt  is  probably  as  follows  ;  the  entire  upper  layer  moves 
up  the  long  slope,  and  then  falls  down  to  rest  ai  the  bottom  of  the  short  slope, 
so  that  each  wave  moves  forward  by  means  of  an  internal  motion  of  particles 
faonn  back  to  front  of  the  wave,  in  a  oiaiuiei  similar  to  sand  dunes  under  the 
influAnce  of  air  cnncnts. 
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The  silt  conieoi  of  the  water  of  a  river  is  produced  by  the  ero^n  of  tbc 
catchment  area  by  the  river  and  its  tributaries.  In  a  canal  or  imgation  chaon^ 
which  does  not  receive  small  tributaries,  it  will  be  plain  that  the  silt  content 
is  entirely  due  to  the  two  following  sources  : 

(a)  Silt  derived  from  the  river  or  reservoir  supplyiog  the  canal ;  which  I 
shall  call  "original  silt." 

(b)  Silt  which  the  water  has  eroded  from  the  banks  or  bed  while  in  the 
canal ;  which  I  shall  call  "  derived  silt" 

Precautions  against  silt  troubles  consequently  have  the  two  following  objects  : 

(i)  To  pass  forward  or  remove  the  original  silt  contained  in  the  water  as 
drawn  from  the  source  of  supply  of  the  canal. 

(ii)  To  prevent  the  occurrence  of  derived  silt,  by  stopping  erosion  of  the  bed 
or  banks  of  the  canal. 

If  the  headworks  of  the  canal  are  properly  designed,  the  original  silt  will 
mainly  consist  of  suspended  silt.  A  considerable  proportion  of  the  small 
amount  of  bed  silt  which  is  taken  into  the  canal  may  be  removed  by  silt  traps, 
or  escapes.  On  the  other  hand,  derived  silt  contains  a  larger  proportion  of 
bed  silt ;  and,  since  erosion  may  occur  at  any  point,  it  is  difficult  to  provide 
effective  silt  traps  and  escapes.  Consequently,  the  prevention  of  erosion  is 
very  important,  since,  so  far  as  my  experience  goes,  bed  silt  invariably  gives 
trouble.  Suspended  silt,  on  the  other  hand,  may  be  regarded  as  a  favourable 
factor,  as  it  rarely  produces  trouble,  and  can  be  caused  to  deposit  itself  so  as  to 
diminish  leakage  and  strengthen  weak  places  in  the  canal  banks. 

It  is  well  known  that  erosion  occurs  if  water  travels  at  velocities  which 
exceed  certain  limits.  It  is  quite  impossible  that  such  erosion  should  con- 
tinually prevail  in  an  earthen  channel,  as  it  would  ultimately  destroy  the 
whole  channel.  Thus,  the  erosion  which  is  detrimental  to  the  maintenance  of 
earthen  channels  is  accomplished  at  velocities  which  arc  less  than  the  limits 
spoken  of  on  p^e  49;,  and  is  principally  conditioned  not  by  the  absolute 
magnitude  of  the  velocities,  but  by  irregularities  and  sudden  changes  ia 
velocity.  It  is  therefore  eittremely  important  that  the  channels  should  be 
uniformly  graded,  and  that  they  should  be  correctly  proportioned  to  the 
quantity  of  water  which  they  are  required  to  carry.  The  systematic  design  of  a 
channel  on  these  lines  is  detailed  on  page  733.  It  may  be  assumed  that  such  a 
channel  (provided  that  it  is  not  required  to  cany  quantities  varying  greatly 
from  those  for  which  it  is  designed)  will,  in  virtue  of  its  correct  proportioning, 
be  liable  to  but  slight  erosion. 

The  principle  is  best  illustrated  by  the  case  of  the  Ibrahimiah  CanaL  In 
former  years  this  canal  silted  very  badly.  The  silt  was  not  originally  contained 
in  the  water  as  it  entered  the  canal  from  the  Nile  during  the  low  water  season, 
but  was  derived  silt,  produced  by  the  erosion  of  (he  banks  in  the  upper  length 
of  the  canal  where  the  floods  of  the  Nile  annually  deposited  a  fresh  sujqily. 
The  annual  quantity  of  stit  removed  has  now  been  reduced  from  600^000  cubic 
metres,  to  100,000  cubic  metres,  by  the  construction  of  stone  groynes  which 
prevent  the  high  flood  waters  from  eroding  the  hanks  to  a  section  which  would 
be  too  large  for  the  normal  discharge  of  the  canal  during  the  low  water 
periods. 

So  also,  Sketch  No.  aaa  (adapted  from  Buckley's  Irrigation  Works  af  fn£a) 
shows  upstream,  a  canal  head  taking  off  at  too  large  an  angle  from  the  river. 
Consequently,  the  flow  of  the  canal  is  set  oscillating  from  bank  to  bank,  and 
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altemaie  patches  of  scour  aod  silt  (analogous  to  the  deeps  and  shallows  of  a 
natural  river)  occur.  In  the  downstream  canal  head,  the  water  enters  the 
canal  in  a  fair  curve,  and  the  revetment  of  stones  round  the  head  guides  the 
water  in  so  regular  a  fashion  that  scour  below  the  revetment  is  improbable. 
The  flow  remains  tranquil  ;  and,  as  a  result,  the  banks  are  not  attacked. 

The  large  scale  plan  of  tlie  Rupar  Headworks  (see  Sketches  Nos.  163  and 
<ioo)  illustrates  a  somewhat  similar  theory.  In  this  case  ihe  head  reach  is 
actually  located  so  as  to  be  directed  somewhat  upstream.  An  even  more 
marked  upstream  direction  has  been  proposed  by  Willcocks  for  the  head  reach 
of  the  Hindan  (Mesopotamia)  Canal  (see  Engineering,  May  31,  1910).  TTie 
advantages  gained  by  designs  such  as  these  last  two  afe  somewhat  doubtful. 
The  Sirhind  Canal  silted  badly  (see  p.  659).  The  principle  should  be  kept  in 
mind,  especially  when  an  inundation  canal,  or  a  canal  [unprovided  with;[a 


Sketch  No. 


—Location  of  Canal  Heads. 


"  raised  sill "  head  regulator  is  being  designed,  biit  it  is  probably  inadvisable  to 
adopt  such  locations  if  ihey  entail  deep  cuttings. 

If  a  river  carries  but  little  silt,  and  that  in  a  suspended  state,  and  if  the  bed 
of  the  canal  is  also  well  above  the  bed  of  the  river,  such  precautions  combined 
with  careful  proportioning  of  the  cross- sec  lions  of  the  individual  reaches  of  the 
canal  will  banish  silt  entirely.  Thus,  in  cases  where  the  initial  content  is  not 
large,  and  erosion  does  not  occur,  the  rules  are  simple,  and  are  as  follows  : 

(i)  The  mean  velocity  must  not  exceed  a  certain  value  ;  which  in  (he  case 
of  the  most  easily  eroded  alluvial  soil,  may  be  taken  as  3'3a  feet  per  second, 
and  for  more  tenacious  soils  rises  to  3'5o,  370,  or  even  4'oo  feet  p>er  second. 

(ii)  The  mean  velocity  must  not  fall  below  certain  other  values,  which  are 
those  necessary  to  carry  forward  the  major  portion  of  the  silt  found  in  the  river. 
As  preliminary  rules  we  may  say  that  the  canal  should  carry  all  the  suspended 
silt,  and  about  three-quarters  of  the  bed  silt  found  in  the  river,  the  proportion 
obviously  depending  on  the  care  taken  in  locating  the  bead  reach. 
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For  example,  Wiilcocks  (Egyptian  Irrigation  gives  the  following  rales  for 
Egyptian  canals,  the  headworks  of  which  are  located  in  accordance  with  the 
principles  now  discussed. 

Meui  Velocities. 

2'3  to  3'3  feet  per  second  (070  to  i  metre  per  second) :— No  silt  is 

deposited. 
i'97  feet  per  second  (o-6o  metre  per  second)  :— 0-5  metre  depth  of  stlt  is 
deposited,  i.t.  about  one-sixth  or  one-eighth  of  the  area  of  the  canal 
section  is  silted  up  during  the  flood  season. 
vdi,  feet  per  second  (o-jo  metre   per  second):— i    metre  of  silt    is 

deposited. 
i'33  feet  per  second  (o'^o  metre  per  second) ; — mud  is  deposited. 
Hence,  a  velocity  exceeding  3*3  feet  per  second  produces  erosion  of  the  most 
easily  eroded  Egyptian  soils  ;  which  agrees  with  the  figures  for  Punjab  soils. 

With  a  velocity  less  than  1*3  foot  per  second,  the  suspended  silt  is  not 
carried  forward. 

It  is  consequently  plain  that  a  velocity  of  25  to  3  feet  per  second  is 
the  best. 

The  above  figures  refer  to  canals  the  beds  of  which  are  from  12  to  15  feet 
(3'S  to  4*6  metres)  above  the  bed  of  the  river,  and  which  take  out  in  situations 
similar  to  the  downstream  canal  head  (see  Sketch  No.  222),  or,  as  Scott 
^o-^izT\tS {Note  OH Sharakiin  1882)  (see  also  Wiilcocks, «/ja/ra,  p.  76)  states: 
"The  practice  of  the  Arab  engineers  was  to  align  their  canals  under  the 
following  rules : 

(i)  "  The  offtake  shall  be  taken  off  the  deep  water  of  the  Nile  when  it  is 

running  along  the  bank  from  which  the  caoal  is  taken,  and  the  canal 

axis  shall  be  as  nearly  as  possible  a  tangent  to  the  general  curved 

sweep  of  the  Nile's  central  current  in  the  curved  reach." 

(ii)  "When  the  canal  must  be  taken  off  from  a  straight  reach,  the  Arab 

engineers  take  it  off  at  a  very  acute  angle  to  the  Nile's  axis." 
(iii)  "The  Arab  engineers  attach  much  importance  to  having  deep  water 
in  the  Nile  at  the  ofltake,  and  are  always  ready  to  abandon  any 
canal  head  that  takes  ofT  at  a  point  in  the  Nile  where  a  sand  bank 
is  forming.    I  consider  that  ihey  Rnd  from  experience  that  coarse 
sand  which  rolls  along  the  bottom  of  the  Nile  bed  does  not  enter 
the  canal  unless  the  Nile  bed  has  become  silted  up  by  a  sand  bank 
to  nearly  the  level  of  the  canal  bed." 
The  above  rules  can  be  summed  up  as  follows  : 
(i)  Keep  the  Nile  bed  silt  out  of  the  canal. 

(ii)  Prevent  the  formation  of  bed  silt  m  the  canal  by  stopping  erosion  of 
the  banks  either  by  groynes,  or  by  pitching;  or  better  still,  by  keep- 
ing the  mean  velocities  sufiictently  low  to  prevent  erosion,  and 
designing  the  canals  so  that  sudden  changes  in  velocity  which 
produce  eddies  do  not  occur. 
The  bed  silt  being  but  a  minor  factor,  the  rules  for  the  lower  limit  of  the 
velocity  can  be  summed  up  in  the  single  statement : 

(iii)  Keep  the  velocity  sufficiently  high  so  as  to  move  fonraid  the  sus- 
pended silt,  together  with  the  little  bed  silt  which  has  entered 
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The  condition*  are  somewhat  different  in  the  Punjab.  At  least  three  out  of 
the  six  rivers  are  of  the  same  order  of  magnitude  as  the  Nile,  but  their  bed 
slopes  near  the  canal  headworks  are  from  ^^,  to  4^,  in  place  of  tt^iiik  'n 
the  Nile.  The  rivers  are  consequently  shallower.  Thus,  in  spile  of  all  the 
provisions  for  regulating  the  rivers,  and  skinuning  the  dearer  water  (see  p.  660), 
it  is  found  impossible  to  prevent  a  certain  amount  of  the  river  bed  silt  from 
entering  the  canal.  In  fact,  personal  observations-  lead  me  to  believe  that 
every  Punjab  canal  receives  initial  silt  in  quantities  which  are  comparable  to 
those  occurring  in  a  very  badly  situated  canal  on  the  Nile,  where  Scott 
MoncriefTs  condition  No.  (iii)  is  entirely  disregarded.  In  such  cases,  the  bed 
silt  is  the  most  important  factor,  and  merely  to  prevent  erosion  in  the  canal 
itself  is  not  sufBcient  to  obviate  silting.  We  must  so  proportion  the  canal  that 
the  initial  bed  silt  is  not  deposited,  but  is  passed  on  to  the  fields. 

Our  knovrledge  of  the  precautions  necessary  in  order  to  keep  channels 
fairly  five  from  silt  deposit  is  almost  entirely  due  to  the  investigations  of  Mr. 
R.  G.  Kennedy  (firapUc  Hydraulic  Diagrams,  and  P.LC.E.,  vol.  119,  p.  281) 
on  the  Bari  Doab  Canal.  As,  however,  his  principles  have  been  fovmd  valuable 
on  other  canals  in  the  Punjab,  where  local  conditions  differ  very  greatly  fi-om 
those  existing  on  the  Bari  Doab,  and  have  stood  the  test  of  sixteen  years' 
practical  use,  it  seems  advisable  to  carefiiUy  describe  both  these  conditions,  and  J 
Mr.  Kennedy's  observations. 

The  Bari  Uoab  Canal  receives  water  from  the  Ravi  River,  a  snow-fed 
Himalayan  stream,  which  is  in  flood  during  the  greater  portion  of  the  hot 
weather  (May  to  September),  and  is  then  intensely  turbid,  rolling  heavy 
boulders  along  its  bed  ;  while  surface  velocities  exceeding  20  feet  per  second 
are  frequently  observed.  In  the  cold  weather  (October  to  April),  the  river,— 
except  for  freshets  of  infrequent  occurrence, — is  a  clear  water  stream.  During 
the  hot  weather  the  supply  of  water  in  the  river  far  exceeds  the  requirements  of 
the  canal.  Nevertheless,  irrigation  continues  during  the  whole  of  the  flood 
season,  and  it  is  only  rarely  that  any  closure  of  the  canal  for  the  rejection  of 
silted  water  is  possible ;  whilst  the  headworks  are  so  constructed  that  the 
engineer  in  charge  has  but  litde  chance  to  select  the  less  heavily  loaded  portions 
of  the  water. 

We  are  therefore  entitled  to  assume  that  the  Bari  Doab  Canal  is  fed  for  six 
months  with  water  which  is  more  heavily  charged  with  silt  than  that  which  is 
usually  admitted  into  Punjab  canals.  On  the  other  hand,  a  clear  water  season 
lasting  six  months,  is  unusual  on  other  Punjab  canals. 

It  is,  however,  very  probable  that  the  average  (over  the  whole  year)  volume 
of  silt  per  tmit  volume  of  water  is  very  much  the  same  as  it  would  be  were  the 
headworks  of  the  Bari  Doab  (like  those  of  most  other  Punjab  canals)  situated 
somewhat  lower  down  the  river,  where  the  stream  is  less  torrential  in  rdgimo. 
It  would  then  be  possible  to  reject  a  certain  quantity  of  the  more  heavily  silted 
water  during  the  hot  weather,  as  the  relatively  less  torrential  river  would  be 
under  better  control.  On  the  other  hand,  during  the  cold  weather  the  river 
would  cany  more  silt  than  higher  up  its  course  at  the  same  season,  as  the 
originally  clear  water  of  the  cold  weather  season  picks  up  the 'silt  which  is 
deposited  in  the  intermediate  course  during  the  hot  weather  floods. 

Mr.  Kennedy's  observations  were  mostly  made  on  branches  and  minor 
diBtributaries  of  the  Bari  Doab,  situated  at  least   50  miles  below  the  head- 
works.    The  turbid  and  clear  water  periods  are  by  no  means  dearly  defined  in 
48 
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these  cases,  as  som:  silt  is  deposited  in  the  intermediate  channels  during  each 
period  of  turbid  water,  and  is  picked  vp  and  swept  forward  during  the  period  of 
clear  water.  In  a  general  sense  the  action  is  similar  to  that  which  has  been 
described  as  occurring  in  the  natural  river  channels  of  the  Punjab. 

Records  of  the  character  of  the  water  do  not  exist ;  but,  judging  from  my 
own  observations  (taken  after  Mr.  Kennedy's  principles  bad  been  systematically 
applied),  it  may  be  assumed  that  the  period  of  turbid  water  in  these  channels 
lasted  some  eight  months,  and  was  followed  by  a  period  of  four  monihs  of  more 
or  less  clear  water.  The  nett  effect,  therefore,  was  to  produce  in  every  channel 
under  Mr.  Kennedy's  control,  a  period  of  about  eight  months  during  which  silt 
was  deposited  in  the  channels,  and  a  succeeding  period  of  approximately  four 
months  during  which  the  channels  were  scoured.  The  circumstances  were 
consequently  very  similar  to  those  prevailing  close  to  the  headworks  in  other 
Punjab  canals. 

In  most  cases,  the  result  was  a  constant  increase  in  silt  deposits,  and  had 
not  the  channels  been  cleared  each  year,  they  would  have  been  more  or  less 
rapidly  silted  up. 

Mr.  Kennedy  discovered  twenty-two  channels  in  which,  year  in,  year  out, 
the  deposits  during  the  silting  period  were  scoured  out,  and  were  swept  forward 
during  the  corresponding  clear  water  period  \  and  as  a  nett  result  these  twenty- 
two  channels  were  unaffected  by  silt  deposits ;  eight  other  cases  in  which  the 
nett  silting  or  scour  was  small  w^re  also  found.  After  very  exhaustive  investiga- 
tion of  the  whole  circumstances,  Mr.  Kennedy  concluded  that  these  channels 
were  characterised  by  the  fact  that  the  mean  velocity  of  the  water  bore  a  certain 
relation  to  the  depth.     Hence,  he  deduced  the  following  law  : 

Whence,  if 

rf=    1       2       3       4       5       6       7       8       9      to     "  feet. 
i*(=o-84  130  170  204  3'35  264  3-92  3-18  3'43  3-67  4*13  feet  per  second. 
Where  :  Vg=the  mean  velocity  in  feet  per  second  in  a  channel  that  neither 
silts  nor  scours  (a  Kennedy  channel)  {see  p.  727). 
d-  the  depth  of  channel  in  feet. 

Mr.  Bellasis  bas  observed  that  the  expression 

I'o=I-OSV^ 

represents  the  actual  observations  nearly  equally  well. 

This  description  of  Mr.  Kennedy's  observations  is  purposely  intended 
to  disclose  the  apparently  slight  foundations  of  the  rule.  When  the  rule 
became  well  known,  they  were  systematically  applied  to  determine  the  fbmi  of 
the  cross'section  of  the  channels  on  the  whole  of  the  Lower  Chenab  Canal 
(approximately  2,000,000  acres  of  irrigated  land),  and  to  a  large  portion  of  the 
Lower  Jhelum  Canal  (approximately  600,000  acres  of  irrigated  land).  The 
conditions  affecting  the  silt  deposits  in  these  two  canals  differgreatly  from  those 
which  prevail  on  the  Bari  Doab. 

The  Jhelum  silt  is  finer  than  that  of  the  Bari  Doab,  but  the  clear  water 
periods  rarely  last  more  than  a  month. 

The  Chenab  silt  is  somewhat  coarser  than  that  of  the  Bari  Doat^  bvt  the 
dear  water  period  lasts  about  two  months. 
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The  general  effect  of  adopting   Mr.   Kennedy's  rules  has  been  a  lai^e 
decrease  in  silt  clearances  on  all  three  canals.    A  similar  decrease 
clearances  has  also  been  effected  on  other  Punjab  canals. 

These  rules  have  been  thoroughly  tested,  as  they  have  formed  the  basis  for 
nearly  all  remodellings  of  the  Punjab  canals  for  the  last  eight  years.  Following 
the  usual  custom  of  a  Govenunent  service,  it  may  be  said  that  they  are  now 
applied  somewhat  blindly.  While  this  method  is  not  so  advantageous  to  the 
interests  of  the  Government  as  a  moie  elastic  system,  it  has  at  any  rate  secured 
a  very  interesting  large  scale  test  of  the  laws  affecting  such  channels. 

A  consideration  of  all  the  information  which  I  have  been  able  to  obtun, 
combined  with  the  detailed  results  of  my  own  experience  in  preventing  silt 


^ 

"bsemlh 

■   On 
"    Sim 

Clmxl  cany 
(ler  increase 
Isrcimxls 

Uni-Jtm 

11  tuSquBb  0\ 

,./ 

^ 

4  ■'■' 
-5 

K/lCI)gRKlSC 

IcsssHt. 

1 

■y 

€'  ■ 

• 

1 

■^^ 

1 

j^ 

.»« 

Minor  Clmae 

Tm  inundatii 
icarr^ipffbu 

;  Ctiamds. 
littlesllt. 

"^ 

lis. 

-Pretable  L 

Dam 

■es'olsenafi 

w  for  M  q 

ifforsnallei 

in 

OS  00  iimila 

Ola  of  silt.  (% 

quota  of  siff 

feet 

■Chmehto- 

0 

«> 

SKE'rcu  No.  233.— Kennedy's  Observations. 

'deposits  in  alxiut  200  miles  of  small  channels  ^ which  had  been  designed  with 
no  altenlion  to  Kennedy's  rules),  has  led  to  the  following  conclusions  : 

(i)  The  duration  of  the  dear  and  tuibid  water  periods  has  but  little  influence 
on  silt  deposits  when  the  rules  are  properly  applied,  and  a  channel  can  be 
designed  which  will  carry  turbid  water  the  whole  year  roimd,  without  silting. 

(ii)  On  the  Punjab  canals,  bed  sill  is  in  motion  all  the  year  round,  whether 
the  water  is  clear,  or  turbid.  While  the  motion  is  more  rapid  in  periods  of 
clear  water,  there  is  little,  if  any,  difference  in  the  volume  carried  forward. 
Probably,  therefore,  in  periods  of  lurbid  water,  the  bed  silt  is  in  motion  over  a 
greater  depth. 

(iii)  Mr  Kennedy's  rule,  that  the  least  velocity  at  which  silt  is  not  deposited 
is  given  by  the  equation : 

ii  correct  for  all  classes  of  silt  that  occur  in  the  Punjab. 

The  value  caao'64,  however,  is  peculiar  to  the  Bari  Doab  Canal ;  and  slight. 
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but  quite  noticeable  differences  may  be  observed  not  only  on  the  different  canals 
ar  the  Punjab,  but  also  on  tlie  various  reaches  of  ihe  same  canal  as  we  go  down 
the  canal.  If  a  sample  of  silt  is  collected  from  the  bottom  of  a  canal,  and  is 
tested  by  the  grading  tube  described  on  page  758,11  will  be  found  that  i:,is  very 
approximately  proportional  to  the  percentage  of  silt  of  which  the  velocity  of  fall 
in  slill  water  is  greater  than  o'lO  foot  per  second.  The  value  c~o'%t,  corre- 
sponds very  fairly  well  with  a  silt  in  which  40  per  cent,  of  the  grains  fall  more 
rapidly  than  o'lo  foot  per  second.  This  last  rule  is  only  approximate,  but  tbe 
differences  which  I  have  observed  (although  quite  apparent  in  careful  eiperi- 
ments),  are  never  sufficiently  great  to  cause  a  channel  designed  by  these  rules 
lo  silt  up  to  such  an  extent  that  any  noticeable  deposit  is  produced  in  a  period 
of  one  year.  The  further  clearance  necessary  in  the  second  year  to  shape  tbe 
channels  so  as  10  produce  a  truly  non-silting  channel  is  but  small. 

Thus,  if  even  one  channel  on  a  new  canal  is  found  to  work  properly,  and 
to  be  unaffected  either  by  scour  or  by  silting,  it  is  only  necessary  to  observe 
its  mean  velocity  and  depth  in  order  to  obtain  c,  and  then  tbe  preliminary 
design  for  the  non-silting  sections  of  all  other  channels  on  that  canal  is  reduced 
to  a  very  simple  calculation  (see  p.  768). 

(iv)  The  bed  silt  in  a  channel  designed  according  to  Kennedy's  rules, 

moves  far  more  rapidly  and  uniformly  than  in  a  channel  carrying  the  same 

r  quantity  of  water,  but  with  a  smaller  mean  velocity  in  proportion  to  its  depth 

1    than  is  given  by  Kennedy's  rules.    Thus,  if  at  any  point  in  a  Kennedy  channel, 

I  the  motion  of  the  silt  is  disturbed,  and  local  silt  deposits  occur,  these  deposits 

will  be  far  more  intense  than  those  which  are  produced  by  a  similar  disturbance 

or  obstruction  in  a  channel  which  is  not  designed  according  to  Kennedy's  rules. 

Kennedy  channels  are  therefore  somewhat  more  easily  put  out  of  regime 
than  other  channels,  and  are  liable  to  heavy  local  deposits  of  silt.  In  many 
cases,  the  cause  is  easily  recognised,  since  a  sharp  curve  in  the  channel,  3 
bifurcation,  or  a  bridge,  are  well  known  to  be  disturbing  influences,  and  the 
Punjab  rules  of  design  provide  for  such  eventualities.  Certain  less  easily 
recognised  disturbing  causes  also  exist,  such  as  a  patch  of  hard  clay  projecting 
above  the  general  bed  level,  or  an  almost  buried  tree.  Consequently,  while 
the  volume  of  silt  that  is  deposited  in  a  Kennedy  channel  is  relatively  small, 
the  channel  must  be  very  carefully  inspected,  and  Kennedy's  rules  are  often 
considered  useless  by  engineers  whose  ideas  of  careful  inspection  are  derived 
from  experience  of  ordinary  channels. 

I  must  remark  that  many  engineers  in  the  Punjab  who  have  given  quite  as 
much  consideration  to  the  question,  and  who  possess  greater  experience  than 
myself,  disagree  with  me  as  to  rule  (i),  while  other  engineers  may  consider 
rule  (iii)  as  an  unnecessary  refinement.  These  gentlemen,  however,  usually 
have  experience  of  only  one  canal,  and  very  few  of  them  have  enjoyed  the 
opportunity  for  systematic  observation  which  was  my  lot  for  nearly  three  years. 

It  appears  to  me  that  the  application  of  Kennedy's  principles  to  all  canals 
carrying  silted  water  must  become  universal,  and  it  seems  necessary  to  explain 
why  they  have  not  as  yet  been  discovered  and  applied  outside  tbe  Punjab. 

In  the  first  place,  it  must  be  recognised  that  Kennedy's  rules  do  not  in.  any 
way  minimise  silt  deposits,  but  rather  the  reverse :  they  merely  alter  the  place 
where  the  deposits  occur.  The  silt  is  no  longer  dropped  in  the  channels,  and 
removed  during  the  yearly  clearance,  but  is  carried  forward  and  deposited  on 
the  fields,  or  in  the  smaU  field  watercourses.    This  is  no  doubt  a  far  ea»er 
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place  to  deal  vith  sUt ;  and  under  the  conditions  obtaining  in  the  Punjab,  the 
result  is  to  shift  the  labour  of  silt  removal  from  the  staff  responsible  for  the 
maintenajice  of  the  canals,  on  to  the  agriculturists,  who  find  that  their  water- 
cauraes  silt  up  more  rapidly  than  was  previously  the  case. 

The  silt  of  the  Punjab  canals  frequently  possesses  fertilising  properties,  and 
is  very  rarely  absolutely  injurious  to  crops.  Thus,  tbe  Punjab  agriculturist  is 
well  content  to  undertake  the  extra  labour  entailed,  fully  realising  that  he 
thereby  obtains  a  more  certain  supply  of  water. 

In  Southern  India,  however,  the  silt  is  of  a  more  sandy  nature,  and  the 
general  size  of  tbe  grains  is  (ar  greater  than  in  the  Punjab.  No  agriculturist 
can  therefbre,  be  expected  to  view  tbe  prospect  of  the  continual  deposition  of 
such  silt  upon  his  fields  with  equanimity.  Consequently,  in  Southern  India  and^ 
in  similar  cases  (e.^.  most  of  the  United  States'  silt-bearing  waters,  other  than  1 
those  of  the  Colorado  River),  a  servile  application  of  methods  adopted  in  IheJ 
Punjab  would  be  inadvisable. 

Nevertheless,  I  believe  that  many  advantages  can  be  obtained  by  tbe 
application  of  Kennedy's  principles  so  as  to  secure  that  the  silt  is  mainly 
deposited  in  selected  channels  where  land  suitable  for  the  disposal  of  such 
deposits  is  available.  Such  selected  channels  might  be  regarded  as  silt  traps, 
and  could  either  be  systematically  and  continually  cleared,  or  could  be  con- 
structed in  duplicate,  so  that  the  channels  could  be  alternately  closed  off  and 
cleared  without  interfering  with  the  regular  supply  of  water. 

In  Egypt,  as  has  already  been  explained,  owing  to  the  flatter  slope  of  the 
river,  and  its  relatively  deeper  bed,  it  is  usually  possible  to  exclude  nearly  all 
the  troublesome  bed  ult.  The  general  slope  of  the  land  is  also  so  Rat  that, 
if  bed  silt  enters  the  canal  in  large  quantities,  it  is  almost  impossible  to  obtain 
a  mean  velocity  which  is  sufficiently  great  to  carry  it  forward. 

General  Pxincifles.— We  may  divide  silt-bearing  rivers  into  the  two 
ftdlowing  classes : 

(a)  The  Egyptian,  where  the  slope  of  the  river  is  flat. 
{&)  The  Punjab,  where  the  slope  is  (comparatively  speaking)  steep. 
Tbe  dividing  line  may  be  roughly  taken  as  slopes  which  are  flatter  or 
•teeper  than  -rim- 
In  the  first  case,  coarse  silt  {i.e.  silt  which  falls  in  still  water  at  a  velocity 
greater  than  cio  foot  per  second),  is  not  very  abundant.     It  will  be  found  that 
it   is  usually  possible  to  prevent  any  large  quantity  from  entering  the  canal. 
Such  coarse  silt  as  enters'  the  cana!  will  usually  (the  canal  being  obviously 
graded  at  a  slope  which  is  at  most  only  one-half  that  of  the  river,  say  at  the 
steepest  TtF^m)'  ^  deposited  close  to  the  head,  and  can  be  removed.    The 
canal  water  being  thus  deprived  of  the  initial  silt,  any  further  silting  is  entirely 
prevented,  provided  that  erosion  does  not  occur. 
.  The  Egyptain  rules  have  already  been  given. 
So  far  as  I  am  aware,  the  figures  for  other  localities  of  a  similar  character, 
differ  very  slightly  firom  those  for  Egypt,  but  an  observation  of  existing 
channels  will  easily  disclose  any  small  differences. 

The  second,  or  Punjab  class,  can  be  recognised  by  the  feet  that  samples  of 
silt  taken  from  deep  channels  of  the  river  contain  an  appreciable  percentage 
(say  over  20  per  cent.)  of  grains  which  fall  in  still  water  with  a  velocity  exceed- 
ing o'lo  foot  per  second.    Tbe  slope  of  tbe  river  varies  from  n^,  to  ^^, 
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larger  percentagea  of  coarse  silt  usually  occurring  in  those  rivers  which  possess 
the  steeper  slopes.  It  is  then  impossible  to  prevent  an  appreciable  quantity  of 
coarse  silt  from  entering  the  canal.  The  slope  of  (he  canal  being  about  one* 
half  that  of  the  river,  it  will  be  possible  to  pass  this  silt  forwan>  to  the  fields, 
provided  that  the  canal  is  proportioned  according  to  Kennedy's  law.  Con- 
sequently, the  important  factor  is  the  value  of  c,  in  the  equation  ; 


This  is  best  ascertained  by  a  direct  obs«nration  of  the  mean  velocity  and 
depth  of  a  channel  which  is  known  not  to  tilt.  In  de&ult  of  such  experience, 
samples  of  bed  silt  may  be  taken,  and  the  percentage  of  coarse  silt,  as  above 
defined,  can  be  observed,  and  c,  can  be  calculated  by  the  rule  : 

40 

where  /,  is  ihe  percentage  of  coarse  silt  (see  p.  768)- 

Either  method  may  lead  to  erroneous  results,  for  the  following  reasons. 
A  channel  which  does  not  silt  may  be  so  situated  that  the  conditions  are 
unusually  favourable  {f.g.  its  head  may  be  very  well  placed  on  a  deep  channel 
of  the  river},  and  may  carry  less  silt  than  is  the  case  with  tjie  channels  of  the 
proposed  system.  Thus,  the  silt  deposited  in  the  bed  of  such  a  channel  should 
be  carefully  classed  and  compared  with  the  ult  which  is  normally  found  in 
the  rest  of  ihe  channels  which  take  out  from  the  river.  The  rule  e=  —^ 
is  founded  solely  upon  experience  gained  in  the  Punjab,  and  may  be  too  high 
for  rivers  in  which  the  average  content  of  silt  per  unit  volume  of  water  is  less 
than  that  in  the  Punjab  rivers,  or  too  low  for  rivers  which  carry  a  larger 
proportion  of  silt.  My  own  experience,  however,  leads  me  to  believe  that  if 
Kennedy's  principles  are  intelligently  followed,  the  first  designs  for  the  cross- 
section  of  a  channel  will  be  so  close  to  the  required  form  that  the  silt  deposit 
during  the  Rrst  year  will  give  but  little  trouble.  Consequently,  the  true  form 
can  be  obtained,  and  the  channel  can  be  constructed  during  the  clearances 
which  are  necessary  at  the  end  of  each  season  owing  to  the  growth  of  weeds. 

Grading  of  Silt.— Sketch  No.  224  shows  the  silt  classifier  used  in  the 
Punjab  (see  Punjab  Irrigation  Branch  Papers,  No.  9).  The  glass  is  graduated 
into  divisions,  having  a  volume  of  o'ooi  cubic  foot.  One-tenth  of  a  cubic  foot  of 
silt  is  thrown  into  the  water,  and  the  intervals  are  noted  at  which  the  falling 
sand  fills  the  tube  up  to  the  first,  second,  third,  etc.  marks.  Let  us  assume 
that  the  first  grains  reach  the  bottom  of  the  tube  in  26  seconds,  and  that  the 
tube  is  filled  to  mark  No.  to  in  6;  seconds.  Then,  the  heaviest  grains  fall 
6'5  feet  in  26  seconds,  or,  have  a  velocity  of  0*15  foot  per  second,  and  10  per 
cent,  by  volume  of  the  individual  grains  fall  with  a  velocity  greater  than 
o'lo  foot  per  second.  This  fact  is  expressed  by  Ihe  notation  loper  cenL  of  the 
silt  is  of  the  grade    -  -. 

The  apparatus  is  simple,  and  for  that  very  reason  Ihe  results  obtained  by 
its  use  do  not  possess  the  accuracy  that  can  be  obtained  by  the  use  of  upward 
flow  graders.  The  observations,  however,  can  be  taken  by  comparatii-ely 
unskilled  men,  and  the  apparatus  consequently  deserves  to  he  used  io  practice. 
It  will  be  seen  that  by  a  systematic  use  of  such  an  apparatus  the  engineer  may 
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expect  to  improve  his  designs.  In  our  present  state  of  ignorance  concerning 
silt  deposits  any  further  refinements  are  useless,  and  even  detrimental  if  their 
adoption  decreases  the  number  of  observations. 

The  following  figures  are  taken  from  the  above  rei»ort  on  the  River  Sutlej 
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Sketch  No.  334 Silt  aauifiM. 

and  the  Sirhiod  Canal,  which  is  fed  from  this  river,  but  they  may  be  considered 
as  typical  of  all  Punjab  rivers. 

By  actual  experiment  it  is  found  that  suspended  silt  (even  in  a  canal  which 
is  sihing  heavily)  rarely  contains  any  grains  that  fall  with  a  greater  velocity 
than  o'zo  foot  per  second  ;  and,  for  the  most  part,  the  velocity  of  fall  is  less 


i,Googli 


CONTROL  OF  WATER 


PERCENTAGES. 

<=»"ll 

G»de^.^ 

G-l'i^ 

G»i.°:°| 

Grade  — 

°-o:" 

so 

«s 
38 

SO 
30 

37 

S 
'I 

66 
44 

34 
42 

■= 

althongb  100  per  o 


usual,  and  always  o 


The  deposits  on  the  river  bed  during  the  cold  weather  or  low  water  season, 
dose  to  the  head  of  the  Sirhind  Canal,  are  of  the  following  character : 
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The  above  figures  are  confirmed  by  many  other  resuUs-    A  certain  [Httpor- 
tioa  of  the  grains  are  of  local  origin,  being  derived  from  the  adjacent  banks 
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and  bed  of  the  canal,  which  was  silling  badly  at  the  time  at  which  ihese 
observations  were  taken. 

Hence,  the  following  points  ace  feirly  obvious  ; 

(a)  Grains  of  a  grade    .  -  are  rapidly  moved  along  the  canal. 

(i)  Grains  of  a  grade  -^  are  hardly  moved  at  all,  and  therefore  : 

(c)  The  silt  which  gives  the  greatest  trouble  is  the  grade  -^-^^  and  the 

quantity  of  this  grade  entering  the  canal  is  a  very  dose  measure 

of  the  amount  of  trdublesome  silt, 
A  study  of  samples  taken  from  Kennedy  channels  su^ests  that,  in  such 
diannels  the  demarcation  between  bed  sih  and  suspended  silt  differs  somewhat 
from  that  given  by  the  above  figures,  which  refer  to  a  canal  which  waj  silting 
hesvily.  Tlie  matter  is  not  of  great  importance,  but  my  own  experiments  show 
that  some  Kennedy  channels  pass  forward  appreciate  percentages  (;  to  10 

per  cent.)  of  sand  of  a  grade  — ^.  This  property  is  advantageous  to  the  canal 
engineers,  but  I  doubt  whether  it  will  prove  permanently  aotis&ctory  to  the 
agricultarists  who  have  finally  to  receive  and  dispose  of  such  coarse  silt. 

Silt  Traps. — In  all  canals  it  is  found  that  the  first  reach  below  the  head  is 
subject  to  relatively  lai^e  deposits  of  silt.  The  cause  is  obvious ;— The  change 
of  the  direction  of  the  motion  of  the  water  as  it  enters  the  canal  creates  a 
disturbance  which  lifts  silt  from  the  river  bed,  and  this  lifted  silt  is  drawn  into 
the  canal. 

As  an  example  :— On  the  iSih  July  1896, in  the  River  Suilej,  lo  cubic  feet  of 
water  just  below  the  regulator  contained  o'oca  cubic  foot  of  suspended  silt,  of 
the  following  grades  ; 

0-05  010 

Grade     ....         — = 

o-io  o-ao 

Percentage        ...         50  50 

Tea  cubic  feet  of  water  drawn  from  the  canal  just  below  the  regulator 
contained  0'004  cubic  foot  of  suspended  silt,  grading  as  follows  : 

„     ,  o'oe  o-io  0.20 

Grade  .  .  — ^  — 

0-10  0-20  0-30 

Percentage  74  21  5 

The  first  sample  was  taken  from  water  flowing  at  a  velocity  of  about  3  feet 
per  second,  and  the  second  from  water  which  was  flowing  at  a  velocity  of  about 
3-5  feet  per  second.  Thus,  a  priori,  we  might  expect  the  second  sample  to 
contain  a  smaller  quantity  and  a  finer  quality  of  silt.  The  difference  is  due  to 
the  &ct  that  the  water  in  the  second  sample  had  been  passed  through  the 
openings  of  the  canal  regulator,  and  had  there  attained  a  velocity  of  3*5  to  4 
feet  per  second.  This,  per  se,  would  not  entirely  explain  the  difference,  but 
in  addition  this  increase  and  decrease  in  velocity  had  produced  swirls  and 
vortices  in  the  water,  so  that  silt  was  picked  up  from  the  bed  of  the  river  in 
front  of  the  regulator. 

The  action  can  be  observed  at  and  around  any  bridge  pier.     The  nett  result 
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is  that  the  first  sample  in  reality  represents  the  suspended  silt  in  the  river,  while 
ihe  second  sample  represents  a  mixture  of  the  suspended  silt  and  the  bed  sill 
in  the  river.  Consequently,  the  vital  tmporlance  of  preventing  the  river  bed 
silt  from  ever  approaching  the  canal  head  is  obvious ;  and  it  should  be 
remembered  that  these  observations  were  obtained  when  the  water  was  draun 
in  over  a  sill  raised  3  feel  above  the  river  bed. 

The  net!  result,  therefore,  is  that  before  the  water  in  ihe  canal  can  have  the 
same  sill  content  as  the  river,  each  10  cubic  feet  of  water  must  drop  about 

o'oo2  cubic  foot  of  silt  of  the  grade  -~,  and  about  00002  cubic  foot  01  the 
grade  -; — .  Similar  figures  could  be  obtained  for  all  rivers,  and  the  above 
example  is  by  no  means  an  uncommon  one ;  although  the  extra  amotint 
of  silt  is  probably  greater  than  that  which  is  found  in  the  more  favournbly 
situated  canals. 

Puttmg  aside  the  temporary  extra  loading  of  silt  caused  by  the  disturbance 
produced  by  the  change  in  direction  which  occurs  at  the  canal  head  (and  also 
by  the  regulator  if  one  exists)  it  is  probable  that  most  canals  are  not  capable  of 
carrying  so  large  a  proportion  of  silt  as  the  river  from  which  they  take  out.  In 
the  head  reach  of  the  canal  the  quantity  of  silt  in  the  water  is  changed  from 
that  which  prevails  in  the  river,  to  that  which  the  slope  and  dimensions  of  tbe 
canal  permit  it  to  carry.  Thus,  not  only  is  all  the  silt  which  has  been 
temporarily  picked  up  dropped  in  the  head  reach  of  the  canal,  but  also  a 
certain  portion  of  the  silt  which  is  normally  carried  forn'ard  by  tbe  water  of 
the  river. 

The  quantities  of  silt  thus  deposited  may  be  enormous.  For  example,  in 
the  month  of  July  1896,  the  deposition  in  the  Rrst  14  miles  of  the  Sirhind  Canal 
was  at  the  rate  of  055  cubic  foot  of  silt  per  1000  cubic  feet  of  water  passed  down 
the  canal,  and  far  larger  figures  occur  (see  Punjab  Irrigation  Paperiy  No.  9). 
It  will,  however,  be  found  in  every  case  that  a  well  defined  distance  from  the 
canal  head  exists  beyond  which  this  silt  of  adjustment  is  not  at  first  deposited 
in  marked  quantities.  I  say  at  first, — because,  if  the  silt  is  permitted  to 
accumulate  at  the  head  of  the  canal,  sooner  or  later  this  head  deposit  will  b^in 
to  move  down  the  canal.  I  am  not  therefore  definitely  prepared  to  stale 
whether  the  limited  length  of  canal  inside  which  the  main  deposit  occurs  is 
caused  by  some  physical  law  of  sill  deposit  {t.g.  is  determined  by  the  relation 
existing  between  the  mean  velocity  of  water  in  the  canal,  and  the  rale  at  which 
silt  particles  fall  in  water  moving  with  this  velocity)  or,  is  in  reality  dependent 
Upon  the  length  of  time  durinj;  which  the  silt  has  been  accumulating,  and  is 
therefore  essentially  an  artificial  matter,  more  or  less  under  human  control. 
Personally,  I  incline  to  the  fonner  view,  for  in  cases  where  the  canal  has  been 
neglected  and  move  than  the  normal  quantity  of  silt  is  deposited,  the  deposit  of 
silt  does  not  usually  extend  farther  down  tbe  line  ;  but  the  whole  mass  moves 
bodily  forward,  and  a  wave  of  deposited  silt  travels  slowly  down  the  canal. 

This  observation,  however,  cannot  be  regarded  as  conclusive ;  since,  when 
such  waves  are  observed,  there  has  usually  been  a  chasge  in  the  method  of 
drawing  water  into  the  canal,  and  it  is  uncertain  whether  the  wave  is  not 
caused  by  the  endeavours  to  dear  the  canal. 

The  distance  within  which  the  major  portion  of  the  silt  is  deposited  is  of 
great  practical  importance,  since  this  knowledge  enables  us  to  fix  the  most 
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suitable  sites  for  silt  traps  and  scouring  escapes.  I  regret  that  I  am  unable  to 
give  any  de6nite  rules  for  determining  the  distance.  In  rivers  which  carry  so 
fine  a  silt  as  that  which  is  found  in  the  canals  of  the  Punjab,  it  is  measured  in 
miles;  being  about  14  miles  in  the  case  of  the  Sirhind,  and  about  10  in  the 
case  of  the  Jhelum  Canal.  While,  in  rivers  carrying  coarser  sand,  as  in 
Madras,  it  appears  to  be  about  four  miles ;  and  in  the  case  of  gravel  or 
boulders,  about  half  a  mile. 

Broadly  speaking,  the  finer  the  silt,  and  the  wider  the  canal,  the  greater  is 
the  distance,  and  the  above  figures  refer  to  canals  100  to  zoo  feet  wide. 

In  certain  cases,  as  in  inundation  canals,  or  flood  water  canals,  and  in  rivers 
such  as  the  Nile,  where  the  canal  head  has  no  regulator  to  set  up  disturbances 
in  the  water,  and  where  the  first  reach  of  the  canal  takes  off  nicely  from  the 
river  (so  that  no  unnecessary  disturbance  occurs),  and  above  all  where  the  bed 
of  the  canal  is  situated  well  above  the  river  bed,  it  is  possible  to  prevent  a  large 
quantity  of  harmful  silt  from  entering  the  canal.  In  these  cases,  the  canals 
usually  run  dry  after  the  flood  is  over,  and  the  small  deposit  of  silt  that  has 
occurred  can  be  dug  oul.  Usually,  however,  some,  or  all  of  the  three  con- 
ditions given  above  must  be  violated,  and  disturbances  occur  in  the  motion 
of  the  water.  Silt  is  then  inevitably  drawn  into  the  canal,  and  the  means  of 
removing  it,  or  minimising  its  etTects  must  be  considered. 

The  most  efficient  method  of  clearing  away  this  deposit  of  "adjustment" 
silt,  is  to  admit  (in  seasons  when  the  river  water  carries  less  silt  than  is  usual) 
water  in  excess  of  that  which  is  required  for  irrigation,  and  to  pass  off  this 
excess  by  means  of  a  special  escape.  The  effect  is  obvious : — The  cleaner 
water,  which  moves  at  a  higher  velocity  than  usual,  picks  up  the  bed  silt ;  and 
this  temporarily  suspended  matter  is  carried  away  with  the  escaping  water 
(see  p.  702). 

The  details  of  the  process  require  some  consideration.  In  the  first  place,  it 
is  the  bed  silt,  or  rolling  silt,  that  causes  such  deposits.  Thus,  althoagh  a  very 
turbid  water  usually  carries  a  large  proportion  of  bed  silt,  the  turbidity  of  water 
as  judged  by  the  eye  is  by  no  means  an  infallible  index  of  the  quantity  of  bed 
silt,  especially  as  relatively  clear  water  often  carries  a  certain  quantity  of  un- 
usually coarse  grained  bed  silt,  and  may  therefore  be  extremely  undesirable  for 
scouring  purposes.  Consequently,  every  opportunity  should  be  taken  to  secure 
samples  of  the  bottom  layers  of  water,  and  the  engineer  in  charge  should 
accustom  himself  to  rely  upon  the  results  of  such  samplings,  rather  than  on  an 
inspection  of  the  upper  layers  (for  that  is  what  judging  a  water  by  its  visible 
turbidity  really  amounts  to). 

Secondly,  the  escape  sluices  should  be  designed  so  as  to  draw  water  from 
the  bottom  of  the  canal,  rather  than  from  the  top ;  and  raised  sills  and  simitar 
kindred  devices  such  as  are  used  in  regulators  are  out  of  place  in  escapes. 

It'is  also  obvious  that  unless  the  canal  is  completely  dosed  below  the  escape, 
a  silt  wave  cf  the  character  already  described  may  be  set  up,  and  part  of  the 
temporarily  suspended  silt  may  be  carried  into  the  canal  below  the  escape,  and 
dropped  there. 

Clear  water  periods  in  a  river  obviously  coincide  with  low  water  periods.  If 
the  capacity  of  the  canal,  as  compared  with  the  low  water  flow  of  the  river,  is 
large,  it  may  be  impossible  to  spare  clear  water  for  scouring  purposes,  since  the 
more  urgent  demands  of  irrigation  absorb  all  the  available  supply. 

For  these  reasons,  escapes  have  now  grown  somewhat  out  of  fashion,  and 
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the  newer  Punjab  canals,  when  compared  with  the  older  ones,  are  badlr 
provided  with  escapes.  In  Egypt  also,  Scouring  escapes  are  not  employed. 
Nevertheless,  wherever  an  escape  exists,  and  clear  water  is  available,  the 
engineers  in  charge  are  very  glad  to  make  use  of  it.  I  therefore  consider  that 
escapes  should  be  provided  wherever  the  canal  crosses  a  drainage  or  small 
stream  at  such  a  relative  elevation  that  the  water  can  be  rapidly  nin  off.  The 
floods  of  the  stream  can  then  be  relied  upon  to  carry  away  the  silt.  On  the 
Other  hand,  escapes  discharging  into  long,  artificial  channels,  only  change  the 
location  of  trouble.  Such  escapes  are  rapidly  rendered  useless  by  the  escape 
channel  silting  up,  while  any  further  discharge  of  silt  and  water  merely  floods 
and  deteriorates  the  low  lying  land  near  the  escape. 

The  usual  mistake  made  in  the  location  of  escapes  is  that  they  are  placed 
too  close  to  the  head  of  (he  canal.     Escapes  have  proved  most  successful  in  the 


sicpei  in  ail  directieos  A  ttmcutlet. 
TJte  slofie  spom  is  Bit  maximum. 


Skrtch  No.  225.— "Sand "Trap  (Americaii). 

Sirhind  Canal  (referred  to  above),  and  the  most  effective  escape  is  situated 
12  miles  below  the  head. 

As  a  general  rule,  no  escape  which  is  not  removed  from  the  headworics  at 
least  three-quarters  of  the  total  length  of  the  adjustment  section  (in  which  silt 
is  deposited)  will  keep  the  canal  free  from  silt.  The  ideal  design  would  be  one 
escape  at  half,  and  another  at  i^  times  the  length  of  this  section  below  tbe 
canal  head  ;  and  if  a  choice  must  be  made  between  the  two,  the  lower  escape 
is  the  better  one  10  select. 

For  the  above  reasons,  the  sand  trap  has  been  largely  adopted  ;  and  proves 
most  effective  in  the  case  of  silt  which  is  somewhat  coarser  than  that  which  is 
usually  found  either  in  the  Punjab,  or  in  Egypt.  In  Small  canals  (say  not  more 
than  40  feet  in  bed  width)  the  sand  trap  shown  in  Sketch  No.  21;  will  catch 
most  of  the  sand  as  it  rolls  along  the  bottom  of  the  canal ;  and,  if  correctly 
designed,  a  small  extra  quantity  of  water  may  be  regularly  admitted  into  the 
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canal,  and  can  be  as  regularly  passed  c 
a  sand  Irap. 

Careful  observation  of  the  working 
that  the  farther  apart  they  are  spaced 
ideal  design  would  provide  about  ten, 
mile  of  the  canal,  in  cases  where  the 
occur  is  four  miles. 

The  necessity  for  discharging  the 
natural  watercourse,  where  floods  car 
renders  such  a  distribution  of  traps 
should  be  adhered  to  as  closely  as  pass! 
adjustment  length  will  not  prove  higl 
proportion  of  large  grains  in  the  sand. 


>ut  with  the  entrained  sand,  by  means  of 

of  such  sand  traps  permits  me  to  say 
the  more  effective  they  will  prove.  An 
spaced  500  feci  apart,  over  the  second 
natural  length  in  which  deposits  of  silt 

mixture  of  sand  and  water  into  some 

1  carry  the  accumulation  away,  usually 

intpracticLble.     Nevertheless,  this  plan 

id  traps  in  the  lirst  quarter  of  the 

hly  efficient  unless  there  is  an  unusual 


Skbi-ch  No.  226.— Canal  He»d  at  Ventavon. 

These  upper  traps  should  therefore  be  designed  for  coarser  silt,  and  the 
proportions  shown  in  Sketch  No.  225  are  best  suited  for  coarse  sands,  while 
those  of  No.  237  will  remove  finer  sands  and  sill  if  necessary. 

In  wider  canals,  it  is  usually  difficult  to  draw  the  sand  which  falls  into  the 
middle  of  the  trap,  to  the  sides.  1  therefore  consider  that  it  will  be  advisable 
to  take  advantage  of  all  places  where  streams  are  syphoned  under  the  canal, 
and  to  provide  central  orifices  so  as  to  draw  off  the  sand  from  the  centre.  The 
installation  at  Ventavon,  on  the  Durance  (see  Gtnie  Civil,  Dec,  31, 1910),  is  a 
good  example  of  this  method.  The  river  is  extremely  torrential,  carrying  gravel 
and  boulders,  and  these  are  drawn  off  from  the  decantaiion  basin  by  means  of 
13  orifices  discharging  into  tubes  i'97  foot  (o'6  metre)  in  diameter.  The  design 
is  interesting,  but  it  must  be  realised  that  the  second  and  smaller  regulator  (see 
Sketch  No.  236)  would  be  a  mistake,  were  it  not  that  the  canal  below  it  is  lined 
with  concrete,  and  the  mean  velocity  of  the  water  exceeds  6  feet  per  second. 
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which  is  aniply  sufficient  to  carry  forward  any  sand  suspended  by  the  eddies 
caused  by  this  regulator.  This  sand  is  later  removed  by  an  ordiaaiy  sand  trap 
at  the  lower  end  of  tlie  canal. 

In  cases-  where  the  canal  is  unlined,  and  where  the  velocity  in  consequence 
cannot  greatly  exceed  that  normally  prevailing  in  the  river,  the  best  method 
appears  to  be  that  practised  on  the  Bari  Doab  Canal,  where  the  first  3cx>o  feet 
of  the  canal  are  double,  and  the  water  is  alternately  passed  down  each  channel, 
while  the  other  is  being  cleared.  I  am,  however,  inclined  to  believe  thai  the 
entry  of  gravel  into  a  canal  must  usually  be  regarded  as  evidence  that  the  area 
of  the  waterway  through  the  regulator  at  the  cana!  head  is  insufficient.  In  the 
Bar!  Doab  Canal,  measures  have  been  taken  to  provide  a  leas  turbulent  method 
of  entry  by  means  of  bellmouth  orifices  in  front  of  the  sluices.  The  present 
insufficiency  of  waterway  is  due  to  the  fact  that  the  canal  now  supplies  some  60 
per  cent,  more  water  than  it  was  originally  designed  for,  and  were  it  designed 
de  novo  the  regulator  sluice  area  would  probably  be  made  at  least  60  per  cent- 
greater. 

It  must  be  remarked  that  proper  mechanical  appliances  for  excavating  and 


Sketch  No.  227. — Silt  Trap. 

transporting  gravel  would  possibly  prove  cheaper  than  this  design,  under 
ordinary  conditions.  In  the  Bari  Doab  labour  is  relatively  cheap,  and  the 
gravel  and  sand  excavated  in  the  clearances  is  required  for  making  concrete, 
and  other  repairs.  Consequently,  these  materials  are  more  cheaply  procured 
than  if  special  excavations  were  made  in  the  river  bed. 

In  cases  where  most  of  the  large  gravel  can  thus  be  kept  out  of  the  canal,  it 
will  usually  be  found  that  the  smaller  rounded  gravel  which  enters  the  canal 
can  be  removed  by  one  or  two  sand  traps.  Since  such  gravel  is  rounded,  and 
rolls  easily,  central  escapes  are  usually  not  required. 

On  the  Bari  Doab,  the  sand  which  enters  the  canal  and  is  not  caught  in  the 
first  3000  feet  is  dealt  with  by  means  of  scouring  escapes.  The  fact  that  the 
canal  head  is  situated  on  a  torrential  river,  while  the  land  irrigated  is  very  flat, 
causes  the  silt  deposits  on  this  cana!  to  be  extremely  complex  in  character 
The  real  lesson  to  be  learnt  is  that  the  head  is  too  high  up  the  river,  and  should 
have  been  located  lower  down,  where  only  coarse  sand  and  clay  are  carried  by 
the  stream.  As  a  rule  (as  is  the  case  at  Ventavon),  when  the  river  is  torrential, 
the  canal  can  be  given  such  slopes  and  mean  velocities  that  coarse  sand  is 
carried  to  the  fields  without  difficulty.    The  canals  of  Lombardy  which  lake 
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out  from  rivers  with  a  steep  bed  slope,  and  are  provided  with  gravel  and  sand 
traps,  illustrate. this  principle  1  and  1  was  surprised  to  find  how  little  attention 
is  here  paid  to  sill  problems,  once  such  traps  have  been  set  to  work. 

When  designing  escapes,  or  sih  traps,  it  must  always  be  remembered  that 
it  is  necessary  to  catch  the  bed  silt  alone.  Turbidity  of  water  is  mainly  pro- 
duced by  clayey  silt,  and  I  am  not  aware  of  any  case  where  clayey  silt  is  not 
wanted  ;  in  fact,  personally  speaking,  the  more  clayey  turbidity  existing  in  the 
water,  the  belter  1  am  pleased,  as  it  is  required  to  stanch  leaks,  to  form  berms, 
and  to  fertilise  fields  ;  and  provided  that  these  objects  are  secured,  the  slight 
deposits  produced  are  amply  compensated  for  by  the  counterbalancing 
advantages. 

Physical  Basis  of  Kea/yEDYS  RuLE.—Tha  physical  meaning  of 
Kennedy's  rule  seems  to  have  been  somewhat  misunderstood,  and  doubts  have 
frequendy  been  expressed  as  to  whether  such  a  "peculiar"  law  can  have  any 
true  physical  foundation.  The  actual  facts  are  that  Kennedy  channels  are 
channels  which  carry  a  certain  amount  of  silt  as  well  as  water.  If  we  refer  to 
Deacon's  studies  of  the  laws  of  the  transport  of  sand  by  water  (see  p.  488),  we  see 
thatf,  the  quantity  trfsilt  which  is  carried  forward  per  foot  width  of  the  canal,' 
raay  be  represented  by  the  equation  : 

q=kv"  say. 

The  quantity  of  water  carried  per  foot  width  of  the  canal  is:— Q=W,  where 
d,  is  the  deplh  of  the  channel. 

Now,  in  a  Kennedy  channel,  taking  the  average  of  the  year's  flow,  we  God 
that : 

Where  p,  represents  the  ratio  between  the  quantity  of  water  and  the  quantity 
of  silt  that  enter  the  channel  in  a  year. 

Consequently  we  get :— Av""'/*i'rf,  or  »"-■=?  lA 

Thus,  Kennedy's  form  of  the  relation  between  v,  and  d,  might  be  theoreti- 
cally deduced.     If  we  accept  Kennedy's  figures  we  find  that : 

«=3,        if  WB=rosi/^»; 
or,  »  =  3-s6,  \{ Vt=oZA^-** ; 

are  respectively  taken  as  the  algebraic  expressions  of  Kennedy's  observations. 
The  matter  can  be  still  further  tested.  Kennedy  (see  P.I.B.,  Paper  No.  9,  pp. 
ii  and  v)  believes  that  a  Kennedy  channel  carries  a  quantity  of  silt  in  suspen- 
sion ranging  from  ^/^  to  ^^  of  tlie  volume  of  its  water  discharge.  In 
addition,  a  quantity  varying  from  uJob  to  inrlqo  f^f  'he  volume  of  the  water  is 
rolled  along  the  bottom  in  the  form  of  bed  ailt,  The  larger  ratios  seem  to 
occur  when  the  water  is  clear,  and  the  smaller  ratios  when  the  water  is  turbid, 
and  heavily  charged  with  mud. 

We  may  thus  assume  that  p«.ooooi6Q,  is  a  fairly  probable  average  relation 
between  the  silt  and  the  water  volumes. 

Thus,  since  a  cubic  foot  of  silt  weighs  about  125  lbs.  (th«  figure  is  doubthil. 
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as  valoes  ranging  from  140  to  80  lbs.  have  been  observed),  we  may  say  thai  q, 
is  about  o'o3  lb.  per  cubic  foot  of  water  ;  or  that  in  a  loocusec  channel,  2  lbs.  of 
silt  are  swept  forward  every  second  (the  exact  figures  are  absolutely  immaterial, 
for  the  present  discussion  is  concerned  with  relative  quantities  only).  Now, 
picking  out  the  non-silting  channels,  as  given  by  the  intersection  of  the  lutes 
representing  v^,  and  100  cusecs,  from  Kennedy's  Graphic  Diagnuns,  we  find 
that: 


Slope. 

Bed  Width 
in  Feet. 

^. 

0-000225 

0-00025 

O-O0027S 

0-0003 
0-00035 
0-00040 

22-5 
12-3 

8-7 

7. 

2-6S 
335 
3'73 
40s 
4-3S 
+■80 
5'15 

1-57 
1-85 
•'95 
a-ii 
2-i6 

2-29 

2-40 

0-098 

0-130 
0162 
0-198         1 

0-350               ! 

The  last  two  columns  permit  of  a  curve  (Sketch  No.  238)  being  plotted  for 
the  Ban  Doab  silt,  similar  in  character  to  that  given  by  Deacon  for  liverpool 
sand.  Other  points  on  this  curve  -can  be  constructed  by  taking  any  Other  dis- 
charge (say  50,  or  1000  cusecs),  and  tabulating  in  a  similar  manner.  In  this 
way  the  plot  of  v,  and  S,  is  prepared,  where  S,  represents 


and  is  consequently  approximately  equal  to  the  silt  discharge  per  foot  width  of 
the  channel,  measured  in  pounds  per  second,  and  v—v„  is  the  mean  velocity 
in  a  Kennedy  channeL  The  points  do  qot  fall  accurately  on  a  continuous 
curve,  but  seem  rather  to  be  included  in  a  narrow  zone.  Nevertheless,  the 
general  resemblance  to  Deacon's  results  is  quite  evident.  When  the  values  of 
log  V,  and  log  S,  are  plotted  certain  irregularities  manifest  themselves.  The 
wider  channels  (say  50  to  100  feet  bed  width)  are  apparently  slighUy  more 
efficient  carriers  of  silt  than  the  narrow  (say  ;  to  20  feet  bed  width)  examples. 
This  probably  arises  from  the  fact  that  the  wider  channels  observed  by  Kennedy 
did  actually  carry  somewhat  more  silt  per  cubic  foot  of  water  than  the  narrover 

Buckley  {Irrigation  Channels)  gives  certain  additional  information  concern- 
ing non-silting  velocities. 

In  Sind  the  rule,  Vo=\  (Punjab  i'o)=o'63J'  •*  has  been  officially  adopted. 
In  Burma  a  table  of  non-silling  velocities  which  is  very  close  to, 

%=o-9irf''''", 
has  been  used  with  success. 

While  in  Egypt  it  is  stated  that, 

v.=i  (Punjab  i/,)-o-s6<^-«*. 
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My  own  short  efqierience  1b  rather  adverse  to  this  last  rule. 
On  sununariflng  these  lutea  and  Deacon's  figures  and  Thrupp's  curves,  it  is 
^iw  plain  tbatsomarelatian  of  the  form 


^mya  Qblaitu,  aad  I  believe  itis  also  true  that : 

TIm  coaj^r  the  silt,  th<c  less  thq  value  ol 

increasfs  in  proporOdo  to  the  volume  of  silt  per  u 


/  8  i 

Hon  SMn^  Mocitf  Vq  in  /?.  per  sec, 

SkbtcH  No.  13S.— Relation  between  Mean  Velocity  uid  Quanilty  of  lit 
swept  forward  in  Kennedy  Channels. 

The  physical  facts  underlying  the  rules  given  for  the  velocities  of  risers 
which  carry  pebbles  or  boulders  (see  p.  491)  are  now  fairly  obvious.  The  mean 
velocity  must  increase  with  the  depth,  not  because  the  increase  in  depth  In  any 
way  prevents  scour  or  prevents  detritus  from  being  swept  forward,  but  because 
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the  increase  in  depth  causes  the  quabitity  of  tkitritag  swefK  ftW»ai4  (icT  foot 
width  of  the  channel  to  increue  iti  the  uiac  rsttfr  as  the  deptk  (in  «ctxud  ttxX, 
rather  faster  than  the  depth,  owing  to  di«  incncaae  in  m««t  vejocitr  predated 
by  the  greater  depth),  because  the  ratio  of  tilt  carried  forward  to  water  dtscbaige 
must  remain  constant. 

In  this  connection,  the  very  interesting  small  scale  experftnMtS  by  Sfcddm 
(Trans.  Assoc,  of  Eng.  Sbc,  iS86,  p.  127)  deserve  notice.  nere«  the  dtaimds 
did  not  carry  silt,  but  were  merely  permitted  to  erode  thfe  sand  bfcd  m  wind) 
they  flowed  until  no  sdnd  was  carried  forward.  The  results  obtained  indicate 
that  the  channel  became  shallower  and  bnuLder  as  the  slope  increased ;  and 
that  the  mean  velocity  wimaineii  constant  for  all  slopes,  i.e,  w=C*wi  was 


t,  and  therefore  r,  and  (very  approximately)  d,  varied  as  =j-  where  v^  is 
practically  equal  to  the  velocity  required  to  move  the  tand.  This  law  is  in 
striking  contrast  with  Kennedy's.  1  believe  that  it  is  the  la^  of  appreciation 
of  the  fact  that  a  channel  which  carries  silt  cannot  have  the  same  fonn  as  ooe 
which  has  eroded  its  bed  in  silt  until  it  ceases  to  carry  silt,  which  has  caused 
Kennedy's  rules  to  be  regarded  as  purely  «niHrical.  Certainly,  in  my  own 
case,  this  confusion  existed  long  after  1  bad  learnt  from  practical  experience 
that  the  rules  were  reliable. 

Regarded  from  this  point  of  view,  Kennedy's  niles  are  rules  for  the  design 
of  a  channel  with  a  double  purpose)  the  top  portion  canying  water,  and  the 
lower  layers  carrying  sill. 
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CHAPTER  XIII 

MOVABLE  DAMS 

Movable  tlAMS. — Advantage* — Condhiuiu  afledine  Ihe  de»gn— Selectioa  nf  lfp&  of 

FlwhbWtfds.— Applicable  in  the  tegulation  of  rivers. 

Sbsltef  Dubs. — Not  fldipted  id  n vers  carrying  bmlden — Dangerous  when  (ntiT- topped. 

TretUe  Domi. — Limits  of  heigbt  of  water  ietBined~VcrUcnI  needles  venm  hoiiiontal 

gMe« — DifBcaliies  earned  l^  drift. 
Bear  Trap  and  othkr  Mechanical  Dams, — Necessity  for  careful  dcsigri, 
CAtcVLATiOK  OF  Bear  T^af  DAMS.—Yxii\\&  of  older  examples. 
Old  Type  of  Bear  Tti^— Parker  Type  of  Bear  Tntp.— Strcascs  in  the  k«<.nw— 

SuffbcM  of  leaves. 

Movable  DttMs.— The  advantages  of  a  dam  which  can  %e  irttlised  to  ictBiti 
water  fbt  an  hidtfiiniie  period,  and  yet  rspidly  removed  so  ns  'to  leave  (he 
dihnnel  across  which  h  is  erected  free  for  (he  escape  irf  'Rood  'wai«r,  are 
obidoDs.  Thus,  movable  daim  ar«  frequently  employed  in  the  regulation  'Of 
rivers  during  their  low  water  stage,  either  in  fiie  interests  of  navigation,' or  in 
orderto  dlvetl  the  low  water  flow  into  a  canal,  or  into  another  branth  Of  the 
'river.  They  also  prove  oseful  for  temporarily  closing  (he  escape  weirs  -Of 
reservoirs,  since  the  available  storage  capacity  of  the  reservoir  can  ibtis  be 
greatly  increased,  while  the  escape  weir  is  rapidly  made  ready  for  the  passage 
of  floods  by  removing  the  dam. 

The  design  of  such  dams  is  in  a  rery  chaotic  condition,  and  a  Hwre 
enumeration  of  the  various  types  would  be  as  tedious  as  useless.  I  have  given 
a  grest  deal  of  study  to  existing  examples,  and  am  unable  to  see  any  -valid 
reason  for  the  adoption  of  more  than  three,  or  at  the  most  four  types. 

The  selection  of  the  typie  of  dam  depends  upon  the  fitllowing  conditions  : 
(i)  The  height  of  water  to  be  retained. 

(ii)  Whether  the  dam  has  to  be  erected  when  water  is  flowing  over  its 
base,  or  when  its  base  is  deeply  immersed  in  the  backwater  below 
the  dam  ;  or  merely  lifted  after  the  flood  has  ceased  and  the  base 
is  left  dry. 

The  details  of  design  are  largely  influenced  by  the  quantity  of  silt  carried 
by  the  river,  t^  the  frequency  of  floods,  and  by  the  r!q>idity'wt(h  which  (be 
river  rises. 

As  wiH  be  shown  later,  when  the  rivor  carries  boulderB  or  is  aabject  to 
frequent  and  sudden  rises,  certain  types  of  dam  <which  uvold  c  ' 
suitable,  cannot  be  employed. 
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The  four  types  are  as  follows : 
(t)  Flashboards. 
(ii)  Shutters. 

(iii)  Trestle  dams,  either  with  needles,  or  sluice  gates. 
(iv)  Bear  trap,  and  other  mechanical  dams. 

(i)  The  ordinary  Aashboard  type  is  suitable  for  all  cases  where  the  head 
held  up  does  not  exceed  ;  feet,  although,  if  the  height  is  more  than  4  feet, 
shutters  will  probably  be  more  efficient.  This  type  is  simple  in  construction, 
and  can  be  used  in  alt  cases,  for  although  boulders  may  damage  the  flashboards 
and  their  supports,  these  are  cheap  and'  a.re  easily  Replaced.  F*lashboards  are, 
however,  difficult  to  replace  until  the  water  has  fallen  to  the  level  of  their  base, 
and  are  therefore  best  adapted  to  high  dams  or  escape  weirs,  over  which  the 
water  flows  but  rarely. 

00  The  shutter,  or  flashboard  on  fixed  hinges,  type,  as  developed  in  India. 
This  is  suitable  for  heads  up  to  8  feet  (although  if  the  head  greatly  exceeds 
6  feet  difficulties  arise  in  working),  and  may  be  considered  as  applicaUe  to 
very  large  rivers,  provided  that  they  do  not  carry  much  graveL 

Shutters  can  be  lifted  and  put  into  place  when  the  backwater  level  is  2, 
or  even  3  feet  above  their  base.  They  are  therefore  suitable  for  the  crowns  <if 
low  dams  which  are  frequently  submerged. 

(iii)  The  trestle  type  of  dam.  This  type  is  but  little  afleaed  by  gravel  or 
boulders,  unless  these  are  of  such  a  size  that  the  masonry  and  angle  irons  are 
ilestroycd  by  iiBpact.  Trestle  dams  ^re  suitable  for  heads  up  ton  feet,  and 
under  favourable  circumstances  15,  or  16  feet  of  water  can  be  retainedf  If 
fOBchiitciy  is  employed  for  lifiing  the  trestles  and  placing  the  needles,  greater 
depths  of  wfLter  can  be  retained,  although  1  am  unaware  whethqr  a.  greater 
depth  than  ia  feet  has  yet  been  dealt  with. 

Trestles  can  be  lifted  and  the  needles  put  into  place  wherever  the  wator 
level  stands.  They  are  therefore  suitable  for  bars  or  dams  which  are 
pennaaently  under  water. 

(iv)  The  bear  trap,  or  other  mechanical  dam.  These  are  suitable  for  condi- 
tions similar  to  those  under  which  the  trestle  type  is  used.  They  are  more 
cosiJyi  and  are  at  present  not  capable  of  retaining  a  greater  depth  of  water. 
Consequently,  it  is  unlikely  that  they  will  be  adopted  except  in  rivers  which 
are  subject  to  such  sudden  floods  that  a  shutter  or  trestle  dam  could  not  be 
dropped  with  sufficient  rapidity,  in  such  cases,  a  mechanical  dam  appears  to 
be  necessary,  although  previous  to  erection  it  is  advisable  to  consider  whether 
timely  warning  of  approaching  floods  cannot  be  obtained  by  means  of  regular 
reports  of  gauge  readings  on  the  upper  portion  of  the  river.  In  countries  where 
labour  is  scarce  or  inefHcient,  a  mechanical  dam  may  prove  advantageous,  as 
It  dispenses  with  the  more  or  less  numerous  staff  necessary  to  work  the  aon- 
mechanical  types.  A  study  of  existing  examples  of  movable  dams  does  not, 
however,  favour  this  idea,  and  it  will  usually  be  found  that  the  mechanically 
openied  portiaii  is  but  a.  small  fraction  of  tlie  total  lei^:th  vA  raovaUe  dam  in 
any,  installation,  so  that  the  necessary  staff  19  not  greatly  diminished. 

Thus,  unless  local  conditions  are  peculiar,  a  short  length  of  mechanical 
damisusuallyemployed  as  a  relief  valve  for  dealing  with  small  and  sudden 
fluctuatioas  of  tlM. river  Aow.  Longer  lengths  <A  trestles  and  flashboards  are 
relied  upon  to  pass  the  larger  and  slower  variations. 
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Regarded  in  this  light,  a  short  length  of  beat  trap  dam  permits  a  long 
length  of  trestle,  or  shutter  dam,  to  be  employed  wilh  the  best  efficiency,  since 
the  water  level  can  with  safety  be  kept  just  a  few  inches  below  the  top  of  this 
portion  of  the  dam,  the  bear  trap  being  relied  upon  to  pass  off  any  sudden 
rise  during  a  period  of  sufficient  duration  to  permit  the  trestles  or  ilashboards 
to  be  dropped. 

Flubboarda.— These  have  been  discussed  on  page  402.  They  arc  equally 
ai^lkable  to  the  partial  regulation  of  rivers.  It  will  be  plain  that  in  river 
regulation  dashboards  must  be  supplemented  by  sluices,  or  movable  dams, 
because  once  they  have  fallen,  re-erection  cannot  take  place  until  the  height 
of  the  river  has  abated  some  3  or  4  feet. 

Consequently,  flashboards  are  best  adapted  for  cases  where  the  river  has 
a  marked  and  well-defined  flood  season,  followed  by  an  equally  well-defined 
low  water  period.  They  are  then  used  to  block  the  flood  channels,  and  the  " 
water  level  in  the  low  season  is  kept  a  little  below  their  top.  All  regulation 
of  the  river  in  the  low  water  season  is  eflfected  by  a  manipulation  of  the  sluices 
or  movable  dams,  and  the  flashboards  are  only  moved  when  unusual  floods 
occur.  Broadly  speaking,  we  must  provide  a  sufficient  area  of  sluices  and 
hinged  dams  to  deal  with  the  annual  maximum  low  water  flow  (or  at  least 
three-quarters  of  this  maximum).  The  large  excess  of  the  maximum  flood 
over  the  annual  maximum  of  the  low  water  season  can  then  be  dealt  with  by 
the  flashboards. 

Shutter  Duu.— This  type  of  movable  dam  is  generally  hinged  at  the  base 
(see  Sketch  No,  229),  where  it  joins  the  fixed  portion  of  the  dam.  The  real 
distinction  between  a  Aashboard  and  a  shutter  dam,  however,  lies  in  the  fact 
that  flashboards  are  intended  to  be  over-topped,  and  are  designed  to  fall 
automatically  when  the  over-topping  exceeds  a  certain  height.  Whereas,  if 
shutters  are  over-topped,  they  are  likely  to  be  damaged.  Shutters  which  are 
hinged  at  their  base,  or  are  otherwise  capable  of  being  guided  into  place,  can 
be  raised  while  the  water  is  flowing  over  the  dam,  even  though  the  depth  over 
the  fixed  portion  of  the  dam  is  from  4  to  S  Ccet  On  the  other  hand,  flash- 
boards  cannot  be  put  in  place  until  the  depth  on  the  fixed  portion  of  the  dam 
has  became  small  (say  i  foot  or  18  inches  at  the  most). 

The  hinging  or  other  guiding  arrangement  at  the  base  of  the  shutters  is  a 
disadvantage,  sbce  in  streams  which  carry  many  stones  of  fist  size,  or  greater, 
these  stones  are  liable  to  lodge  in  the  spaces  in  which  the  hinges  and  guide 
or  supporting  rods,  work.  So  far  as  I  am  aware,  no  shutter  type  has 
yet  proved  really  successful  in  such  cas^.  Otherwise,  this  type  has  shown 
itself  capable  of  dealing  with  far  more  citacting  conditions  than  any  other 
movable  dam. 

Several  dams  exist  in  India  which  are  more  than  4000  feet  in  length,  and 
which  hoU  up  water  to  a  height  .of  16  feet,  of  which  6  or  7  feet  is  retained  by 
the  shutters.  The  few  troubles  which  occur  have  never  been  attributed  to 
any  defect  in  the  shutters. 

Sketch  No,  229  shows  a  typical  Indian  shutter,  which  is  dropped  by  releasing 
the  curved  horizontal  lever.  The  raising  of  the  shutter  is  effected  by  a  hand 
crane,  which  hooks  on  to  the  smaller  (hanging)  loop  on  the  upstream  face  of  the 
shutter.  Trained  men  can  raise  and  set  these  shutters  with  ease  in  5,  6,  or 
even  7  feet  of  water,  provided  that  the  backwater  below  the  dam  is  not  so  high 
as  to  interfere  with  the  working  of  the  crane. 
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The  dropping'  of  these  shatters  is  perfectly  easy,  provided  that  tbey  are 
not  over-topped.  If  once  over-topped,  it  is  almost  impossible  to  get  them 
down,  although  this  has  been  effected  with  some  risk  when  the  river  did  not 
rise  rapidly  after  over-topping  the  shutters.  If  the  shutters  are  over-topped, 
and  the  rise  of  the  water  continues,  the  dam  will  probably  be  destroyed,  not 
so  much  by  the  impact  of  the  water  felling  over  the  shutters,  as  by  cross- 
currents induced  along  the  dam  flrom  the  portion  where  the  shutters  are  up, 
towards  that  where  they  are  down.  These  cnrrents  set  up  eddies,  which 
rapidly  undermine  and  destroy  the  dam. 


n  11 1 1  ifii 

Skbtch  No.  M9.--Indun  Steel  Shntten  «id  Wooden  Fluhboudt. 

Consequently,  many  designs  have  been  prepared  for  automatically  dropping 
the  shutters.  As  a  rule,  these  designs  consist  of  a  projecting  bevelled  aim, 
which  is  forced  down  by  the  fall  of  one  shutter,  and  sets  the  next  one  free. 
Sketch  No.  230  shows  a  non-automatic  shutter  Aat  can  be  opened  even  when 
over-topped. 

Automatically  foiling  shutters  are  at  present  in  the  experimental  stage,  and 
are  consequently  not  given  in  det^l.  It  must  be  remembered  that  the  shock 
produced  by  the  simultaneous  fall  of  a  long  length  of  shutters  is  a  severe  trial 
for  a  weir,  or  dam. 

Experience  in  India  suggests  that  over-topping  of  shutters  ts  rarely,  if  ever, 
due  to  any  cause  except  carelessness,  and  it  may  therefore  be  inferred  that  a 
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sMffwltidi  hw  faecomc  bx  mmugb  to  permit  the  shMtera  to  b«  »ver-iopped 
would  alK»  snBcwntlf  naglcct  any  aotontatic  faUlng  gear  to  preclude  the 
pottibility  of  its  woridng  w\tea  required. 

■  Tmtfe  Dama.— Trestle  damf  aie  especially  indicaied  when  the  dam  has 
t&be  closed  wbca  tbero  is  an  appreciable  backwater  below  it.  Id  sucb  cases, 
the  problen  is  best  solTcd  by  a  series  of  tra«tle\  or  borees,  hinged  at  their 
bMO  ta  axes  pai»Uel  ta  th«  flow  of  the  livoi.  These  trestles  are  raised  to  a 
v«ttical.  posflion,  asd  are  then  used  to  support  a  series  of  vertical  needles,  or 
hosiiwiMl  staica  boanh.  The  total  bei{^t  of  water  that  can  be  ratained  is 
fixed  by  the  weigbt  of  one  of  these  needles.  It  is  found  by  experience  that 
woodon  aeedles  of  sufiicient  strength,  and  say  4  inches  wide,  are  too  heavy 
for  a  man  to  handle  If  the  deplh  of  water  retained  greatly  exceeds  9  or  i<>  feet. 


Skrtch  No.  sja— Aihford  &  LcggeU'i  Bitoysncy  Shutter. 

Eleven  feet  may  be  regarded  as  Ae  maximum  depth  of  water  retained,  unless 
nttChiatiy  is  uafd  to  ncaovc  the  neodles.  The  weight,  of  the  needles  may  be 
vmewhat  Eodmcd  by  ptoviding  an  intennediate  supporting  bar  bung  on 
chains.  This  additional  complication  has  not  found  much  favour,  except  in 
caaes  wbwe  the  soedlcs  are  but  rarely  vwved,  say  once  a  year  at  the  most. 

Whofo  hoiisoatal  sluice  gates  are  employed,  differences  in  water  level 
gSMMr  than  11  ieel  cxa  be  maintained,  but  as  the  head  increases  these  sluices 
becosM  very  heavy,  unless  the  trestles  are  spaced  dose  together.  The  trestle 
dam  at.Suresnes  (A-P-C,  vdL  18,  1889,  p.  49)  retains  172  feet  (5-37  metres) 
of  w«Mr,  and  fiiis  is  nearly  the  maxinwm  that  can  be  dealt  with.  Sketch 
No.  a^i  ahows  the  dimensions. 

A  study  of  $lic|ch  No.  331  will  show  that  owing  to  the  dose  spacing 
(■  metres  3'a8f«et}  of  Ae  trestles,  the  sill  has  to  be  raised  somewhat  above 
the    base  of  tho   tnttlea.      In  a  stream    like   the    Seine,  which  normally 
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carries  dear  water,  this  is  of  little  importance,  but  in  i  sih>boaHng'Stnatn  the 
sill  should  be  as  low  as  possible.  Hence,  wlun  down  the  iresdcs  should  not 
lie  over  each  other,  and  their  horizontal  spacing  should  therefore  be  very  neaily 
equal  to  their  height.  When  this  is  the  case,  it  will  be  plain  that  the  pfcssure 
on  a  horizontal  sluice  gate  of  a  span  equal  to  the  height  of  water  retained,  is 
so  great  that  unless  the  head  is  very  email  (say  6  or  7  feet)  a  man  cannot  move 
it.  For  silt-bearing  waters,  therefore,  ^'erticaJ  needles  are  generally  employed. 
These  are  made  of  wood,  and  if  tapered  oBf  at  the  ends,  ajtrained  man  can 
handle  them  provided  that  the  head  does  not  exceed  1 3  feet,  each  needle  being 
about  4  inches  wide  (Pontoise  dan>,  ax  Trans.  Am.  Soc.  of  .C.E.,va\.  jfy,  p.  4S9)- 
For  greater  heads,  machinery  most  be  employed  in  order  to  place  the 
needles.     In  these  cages,  tbe  needles  are  usually  i-  to.^  .feel  wide^  and  losde 


^"1-  /rVi(  ^ 

isielaxiat  -^/j  ^^A 

/uA'^^tf'V 

asbtlmtfajS^^J^ 

' 

ll^r\4*M^S'^ 

\j^^r 

'^j^^r^^^^^^ 

^  Wv//»n;4)ff 

^ 

' 

flfei'-V 

of  wood,  stiffened  by  steel  angles.  Heads  up  to  so  feet  are  thas  dealt  with, 
and  there  is  no  reason  to  suppose'that  this  is  the  rtiaiti mum  possible  <iee 
iii'd.,  p.  490).  -*    ■ 

It  must,  however,  be  remembered  thtt  accumulations  of  drift  are  imbealtfay, 
and  must  be  avoided  in  thicWy  populated  localities.  Needles  are  very  badly 
adapted  to  such  cases,  for,  although  it  is  perfectly  easy  to  let  off  small  excesMS 
of  water  by  propping  a  few  needles  forward  of  the  general  line  of  the  dam, 
drift  will  not  readily  pass  through  the  narrow  (Orifices  thus  formed.  With 
sluices,  on  the  contrary,  the  water  and  the  drift  &re  easily  passed  over  the  top 
of  the  dam  by  opening  a  few  of  the  upper  sluices.  For  this  reason  sluice  gains 
mounted  on  wheels  have  been  proposed.  The  difficulties  arri  great,  for  if  the 
bearings  are  of  the  ball-bearing  type,  they  will  rapidly  rust ;  dnd  roller  bearing^ 
are  liable  to  jam  if  the  trestles  move  rriativelytoeach  other  in  any  degree.   -  . 
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B&AR  Tk&ps  AHb  otmsr  MbchaniOal  Dams.— It  is  quite  impotijble  to 
enumerate  the  various  forms  of  these  dams  which  have  either  been  adopted, 
or  proposed.  In  essence  all  these  dams  consist  of.  two  leaves,  foxi  to  hinges 
in  the  bed  vf  the-river.  Tfaese  leaves  (with  connecting  leaves  or  *'  idlers ''  in 
BOtne  types)  form  a  cIose4  chamber,  into  which  watei^con  be  admitted  under 
pressure.  This  pressure  water  opens  out  the  leaves,  and  the  dam  ts  thus, 
raised.  When  it  is  desired  to  Jet  the  dam  down,  the  prcslure  water  is  with- 
drawn, and  the  dam  falls  by  its  own  weight. 

The  outlines  of  chief  type^  are  shown  in  Sketch  No.  23!  and  are  the  original 
"Bear  Trap,"  and  the.  Parker  and. Lang  modifications.  The  Lang. type'  is 
abviously  best  adapted  for  rivers  carrying  silt  and  drift,  as  the  idler  leaf 
prevents  these  being  caught  between  tht  leaves^.  Our  present  knowledge  does 
not  permit  us  to  slate  whether  the  Parker  jRodificalioB  has  any  real  Advantages, 
over  the  original  bear  trap.  It  is  probably  used  more  frequently,  but,  as  will 
later  be  seen,  the  facts  are  that  a  badly  designed  bear  trap  will  refuse  to  rise, 
whereas  a  badly  designed  Parker  dam  refuses  to  falL  It  is  plain  that  this 
difhculty  is  easily  obviated  by  such  expedients  as  weighting  the  leaves. 
Whereas,  a  dam  which  refutes  to  rise  is  not  easily  lifted  up.  For  this  reason, 
therefore,  the  adoption  of  the  Parker  type  in  preference  to  the  simpler  ;bear 
trap  may  only  mdicate  that  t^e  ordinary  designs  of'both  tyiMG  are  Ij&dly 
proportioned  fundamentally.  ..  > 

Calculation  of.Seas  Trap  Dams. — The  older  examines  of  this  type  of 
dam  were  badly  proportioned,  and  a  study  of  the  excellent  results  obtained  by 
some  (if  not  aU]  of  the  newly  erected  and  scientifically  designed  dams  built  by 
the  United  States  Anny  Engineers,  leads  me  to  believe  that  the  capal»lilies  bf 
these  damsare  at  present  greatly  underestimated. 

The  &ilure  of  the  older  examples  was  principally  caused'  by  the  two  follow- 
ing faults : 

(i)  Tberelative  proportions  of  the  leaves  of  the  dam  were  such  that  the  dam 
was  liable  to  stick,  and  consequently  failed  to  rise,  or  fall  as  the  case  might  be. 

(ii)  The  leaves  were  insufficiently  rigid  in  a  longitudinal  direction.  Hencf, 
it  was  possible  for  one  end  of  the  dam  to  rise,  while  the  other  end  remahied 
down.    This  produced  strains,  and  consequent  leakage. 

It  cannot  be  said  that  sufficient  experience  has  yet  been  acctunulated  to 
enable  these  difficulties  to  be  entirety  overcome.  The  following  analysis  must 
be  regarded  "a^apreliminary  sketch,  but  so  far  as  I  am  aware,  alt  dams  to 
which  similar  principles  have  been  applied  work  fairly  well. 

All  of  the  older  dams  which  have  proved  notorious  failures  have  been  found 
to  be  defective  when  tested  by  these  rules. 

The  proportioning  of  the  leaves  has  been  investi^ted  by  Povell  {Jaurn,of^ 
Assoc.  o/Eng.  Sec.,  vol.  16,  p.  177X  who  deduces  the  following  results  ; 

Old  type  of  bear  trap  (see  Sketch  No.  133,  Figs.  1  and  2). 

Let  X,  be  the  length  of  the  upstream  leaf. 

Let  y,  be  the  length  of  the  downstream  leaf,  and  let  the  distance  between 
the  hinges  be  represented  by  Q. 

Let  Z=X-i-Y— Q,  be  the  overlap  of  the  upstream  leaf  on  the  downstream 
leaf  when  both  are  lying  flat.  ""  .. 

The  critical  positions  are  as  follows  : 

(i)  When  the  dam  lies  flat,  and  begins  to  rise  undtir  a  h'ead'^,  say. 

(ii)  When  the  dam  is  raised  to  its  greatest  height)  and  begins  to  fall. 
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'(4)L«ttwo(imidflr(mofaMtoitgth>af«faadam.  The  heed  J^narbacoondered 
as  prodnced  by  the  difi«rence  in  level  of  the  watei  lurfacts  above  and  tMAm 
thft  dam.  Th«  most  unfavourable  asEiunptiaa,  dietwCan,  ic  Ihtf  the  jveMwre 
oKussd  by  it,  feet  of  water  acts  downwards  on  tke  whole  of  the  leaf  X,  vk 
upwatdt  on  the  whole  ai  the  leaf  Y,  and  oa  that  portion  of  X  ((>.  a  wirilb, 
X-Z)  which  is  not  cwerad  by  Y. 

Let  P],  belbs  downwwd  preuun  al  the  end  of  tbfcleai  Y. 

Then, taking  moments  about  the  upslream  hinge ;  PjtX-  Z)  =  fii'sAZ^X  -  -  ). 
'  The  upivard  pressure  on  the  leaf  V  is  :  Pj— |Yjt  63^. 

Therefore  :  Pi=«P,,if  Y=— t^^=,  ,  and  in  order  to  have  a  reserve  of  force 
c  fiiolton,  it  is  plain  that »,  mtist  be  lees  Ann  i. 


SKrrcn  Ka  131.— Di>eimi«  Ibt  Movable  Datm 

of  X,  and  V,  and  puning  Q  •  t^  m)  that  X, 


Thus,  we  can  obtain  Z, 
is  now  equal  to  : 

Lenjrth  of  upper  leaf 
Distance  between  the  hingea 
we  find  ?£,  and  Y,  in  the  forms  : 

X  =  V  (T^"iOV' -T(  1 -i«)Y + i 
Y  =  iri«_ 


VS^kSv 


FoTenample:     ir=\\        Y-i-X* 
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Thus,  for  an  assumed  X,  we  can  calculate  Y. 

The  height  to  which  the  top  of  the  upper  leaf  rises  (U.  the  head  of  water 
,   which  the  dam  can  hold  up)  is  given  by  the  equation  : 

H*=Y*  sin»ft        where  cos  i3=iaY+Ci-ia). 
Finally,  if  we  make  H,  a  maximum  for  a  given  value  of  »,  by  expressing  H, 
in  terms  of  Y,  and  differentiating,  we  obtain  the  following  equatioit : 


-iv/iRF"-A(-;) 


whence  we  can  express  X,  Y,  and  H,  in  terms  of  n. 

Thus,  when  H,  is  a  maximum,  we  obtun  : 

When  w-o'8  Y.=.o«82i        X-o'saag        H-o-333, 

■When»=07S        Y-oMii        X-0-SI44        H-o-333, 
and  so  on. 

(ii)  In  order  that  the  gate  may  fall,  the  angle  between  the  leaves  should  be 
greater  than  90  degrees,  say  100  degrees,  or  more.  If  »,  be  less  than  i,  this 
condition  is  always  satisfied. 

In  some  of  the  earlier  examples  »,  was  greater  than  i,  that  is  to  say,  the 
gate  could  only  rise  when  the  pressure  below  the  leaves  was  greater  than  that 
on  the  upper  side  of  the  upstream  leaf.    Such  designs  should  be  avoided. 

In  successful  gates  it  is  found  that :  n=o'8p,  to  o'85,  at  the  most  It  is 
doubtfiil  whether  n,  ^ould  be  less  than  075,  lest  the  dam  should  be  run  up  too 
rapidly,  and  a  shock  should  be  produced.  The  amount  of  friction  between  the 
leaves  and  at  the  hinges  is  evidently  important,  and  the  more  silt  in  the  water 
the  less  should  be  the  value  of  n. 

The  Paricer  Type  of  Bear  Trap  Dam.— -In  this  case  let  the  distance  between 
the  hinges  be  equal  to  miity,  and  in  this  unit  let  (Fig.  4) : 

X,  be  the  length  of  the  downstream  leaf  (which  is  now  the  upper  leaf  when 
the  dam  lies  flat), 

V,  be  the  length  of  the  lower  upstream  lea^  and  Z,  the  length  of  the 
intermediate  two-binged  leaf. 

Then:    X+Y-Z=i. 

When  the  dam  is  raised  to  its  greatest  height : 

co.*.2!±lz|!C±5! 

where  ^  is  the  angle  wbicb  ibe  leaf  X,  then  makes  with  the  borttontal. 
Also  Z=4  {Vi+X*-3X"cor^-(i-X)}. 
Y-.i{Vi+X«-2Xcoa*+(i-X)}. 
Therefore,  YZ=iX  (i-cos  *). 
Also,  g,  the  distance  between  the  top  of  X,  and  the  upstream  hinge  when 
the  dam  is  partially  opened,  and  X,  makes  an  angle  a  with  Che  horiiontali  it 
given  by  : 

^'-I  +  X«-2Xc03O 

and  if  0  be  the  angle  between  Y,  and  Z : 
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Hence,  (i-cos  flXi-cos  ^)  =  2(i-C03  a), 

so  that  6  can  be  calculated  when  a  and  4>  ^^^  given. 

The  critical  positions  of  this  type  of  dam  occur  when  it  is  falling  ;  so  that  the 
pressure  inside  the  dam  is  atmospheric,  or  at  the  most  that  due  Co  the  back- 
water, while  the  upstream  faces  of  the  leaves  Y,  and  Z,  are  exposed  to  pressure 
caused  t^  water  which  may  rise  as  high  as  the  top  of  the  dam. 

Resolve  the  forces  caused  by  these  pressures,  as  shown ;  where  P^,  and  Pt. 
act  in  the  direction  of  Y,  and  Z,  respectively,  and  the  other  forces  are 
perpendicular  to  the  respective  leaves. 

Taking  moments  about  G,  we  get  the  following  equation  for  the  equihbrium 
of  the  leaf  X: 

P,  cosy- P,  sin  Y-a 

Similarly,  since  P*  and  P,  acting  at  L  are  equivaient  to  Pf  and  P*  acting  at 
the  same  point ;  we  have  resolving  along  P(, 

P.-^-^^-P,cottf. 
Or,  substituting  for  P„ 

P^-Ptcos  0— Pgcotysin  0=0. 
If  there  be  no  backwater,  denoting  the  various  depths  as  shown  in  Sketch 
No.  332, 

P, = iA,Z        P, = \h,Z        P, = iA,Y + ^i,  Y. 
Therefore : 

(ji+l)Y+2(Y-Zcot  fl)-Z  sin  6  cot  y=o. 

In  practice  y  is  best  obtained  graphically,  but  if  necessary  we  can  calculate 
the  angles  x.  at»<l  "^  f™™  ■ 

sinx=— ,  andan-^-X*!^;  andy=x-'*'- 

The  critical  position  will  be  found  to  occur  when  the  dam  is  falling,  and  is 
just  about  to  reach  the  horiionCa]  position. 

In  actual  practice  i^  wiU  then  have  a  certain  limiting  value  depending  upon 

the  area  of  the  passages  avulable  to  pass  water  around  the  dam.  Powell, 
however,  assumes  that  hi,  and  k^,  then  vanish  simultaneously,  which  is  a  less 
favourable  case.    Coaaequently,  his  fissumption  that : 

Pi  cos  y— P(  sin  y =0, 
in  place  of  Pgcosyr-Mpisiny^o,  which  is  similar  to  the  equation  used  to 
investigate  the  old  type,  will  lead  to  a  satisfactory  dam> 

In  the  final  calculations  it  would  nevertheless  appear  advisable  to  nuke 
certain  that  when  0=5  degrees  or  10  degrees  say,  there  is  sufficient  overplus  of 
downward  pressures  to  overcome  friction.  Bearing  in  mind  that  initial  Miction 
is  always  greater  than  moving  friction,  and  that  silt  deposits  have  a  certain 
sucking  power  which  prevents  the  dam  from  starting,  but  is  not  very  active  b 
'  stopping  motion  when  it  has  once  begun,  we  may  believe  that  a  dam  is  mon 
likely  to  refuse  to  start  when  nearly  down  than  to  cease  dosing  up  just  as  it 
gets  flat  when  motion  has  once  started. 
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Evaluating  tne  intlefermihate  fractions  j^,  and  sin  6  cot  y  for  the  case  6  =  0, 


Vi(i-cos«^)-Z  . 


9ubstiiut^  these  values  in  the  above  equation,  we  finally  obtam  : 
(i-X)»-2i(l-co9*)(i-X)+(i-cos*}'  =  a 
.    This  eqnatiBn  can  be  solved  by  the  ordinary  rules,  and  X,  hanng  thus  been 
determined,  Y,  and  Z,  can  be  calculated. 

Where  the  dam  is  eiiposed  to  a  backwater,  the  critical  position  will  be  found 
to  occur  when  the  dam  is  -{ailing,  and  its  crest  is  just  level  with  the  backwater. 

In  the  general  case,  when  the  leaf  Z,  is  only  partially- immersed  in  the 
backwater,  we  have  t 

In  the  critical  position  it  is  found  that  M  =  Z,  and  N  =  a 
So  than   Y— Z  cos  $—1  siil  6  cot  y  =  o,  which,  expressed  geometrically 
gives, 

angle  KJG=tf-<.. 

thus,  ■  X  =  1'M^',      and,       sin  «=^  sin  «. 
'  sin  tf  '  H         ^ 

The  best  soliltion  is  most  easily  found  by  calculating  a  series  of  values  of 

X,  Y,  Z,  and  H,  for  assumed  values  of  ^  and  jj. 

'     The  above  investigations  can  only  be  regarded  as  a  piteliminary  sketch. 

Before  the  proportions  of  a  dam  can  be  finally  determined,  the  local  con- 
ditions must  be  investigated,  and  the  possible  value  of  the  pressure  liable  to 
arise  inside  the  dam  must  be  determined.  It  is  fairly  plain  that  if  an  artificial 
head  can  be  produced  {e^.  by  accessory  stop  planks,  or  reservoirs)  which  is  some- 
what greater  than  that  retained  by  the  dam  when  just  about  to  rise,  the  leaves 
of  the  dam  may  be  shortened.  The  economy  thus  secured  may  justify  the 
expense. 

The  efTect  of  leakage  through  the  hinges  in  diminishing  this  internal  head 
must  also  be  investigated..  >  .       . . 

The.  friction  of  tKe  hinges  and  possible  deposits  of  silt  ^so  requifc 
consideration. 

The  dimensioning  of  the  leaves  is  evidently  a  problem  which  is  somewhat 
akin  to  that  of  a  bridge  under  moving  loads.  The  forces  producing  the 
stresses  for  given  values  of  6  and  □  have  been  written  down.  The  maxima 
bending  moments  and  shears  can  be  determined,  but  the  algebraic  expressions 
are  complicated,  and  it  is  best  to  draw  the  position  of  ihe  leaves  for,  say  every 
10  degrees  of  increase  in  a,  and  measure  h^,  h^,  and  h%.  The  bending  move- 
ments and  shears  can  tben  be  calculated  by  the  usual  formulEB,  and  their 
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maxima  values  can  be  selected^  aad  the. sections. of  the. leaves  dimen^oiKJ 
ticcbrdingly. 

In  this  connection,  however,  the  stiffness  of  the  leaves  along  the  lengdi  of 
the  dam  deserves  investigation.  As  already  stated,  in  many  existing  dams  the 
end  where  the  pressure  is  applied  may  rise,  and  the  other  end  remain  down, 
owing  to  the  diminution  in  pressure  produced  by  leakage  as  the  water  travdi 
along  the  inside  of  the  dam. 

The  matter  has  been  investigated  by  Bowman  ( Trans,  of  Am.  Soc.  of  C-E^ 
vol.  39,  p.  fyO^t  By  a  Calculation  similar  in  principle  to  that  nuMle  by  Pawell, 
but  which  takes  into  account  the  weight  of  the  gates  (but  not  the  friction  at 
the  hinges,  for  wliich  reason  I  do  not  give  it)  Bowman  finds  that  a  pressare  of 
abtNlt  31'  lbs.  per  square  foot,  say  7  inches  head,  is  required  to  cause  a  <%rtain 
bear  trap  dam  (old  type)  to  begin  to  rise. 

le  is  found  Qma  aetual  experience  that  if  such  a  dam  bemore  than  Jo  feet 
long)  lotd  idMtfiiciently  itiff  in  a.  longitudin^  diiection,  one  bnd  is  likely  to  rise 
attd  thi  other  .end  to  stay  down.  Bowman  therefore  infeia  tlttt  in  actiul 
practice  the  7-inches  head  occurs  at  one  end  of  the  leaf,  but  gradually  dies  nut 
to  o,  at  the  other  end.  He  therefore  investigated  the  deflection  of  a  cantilever 
under  a  load  of  /  lbs.  per  inch  run  at  its  end,  which  gradually  diminishes  to  o, 
at  the  inner  end.    The  equation  is  : 

dx^      :iE.\\        ill  ■ 

where/  in  this  case  is  equal  to : 

35  y  width  of  leaf  in  feet  ,i,^  ^,  i^^r^in  of  the  beam, 

and /==  50X  12  =  600  inches. 
dy 
Integratmg,  smce  ^=0,  when  J  =  /  and  j-  =  o,  when  x  —  o;  we  get 

the  DMuiOHim  deflection,  S  ^  ~  —y  where  I,  is  the  moment  of  inertia  of  a 
siftCtion  of  t^G  Itaf  by  a  plane  parallel  to  the  direction  of  How  of  the  river.  For 
tiVe  actual  case  considered  3=  1*84  inch,  so  that  the  leaf  is  Abviously  sufficiently 

stiir. 

' '  Bowman's  papet  forms  a  very  valuable  example  of  the  detailed  calculation 
of  the  forces  acting  on  a  dam  as  il  rises.  The  general  proportions  agree  «ry 
fa^fly  welt  with  Powell's  rules.  The  omission  of  all  friction  renders  the  figures 
}ess,ai;curate.than  could  be  wished,  but  there  is  little  doubt  that  certain  of  the 
^SSAnptions  partially  compensate  for  this  error.  Reference  may  also  be  made 
to.  Willard^  (t'tid.,  p.  573)  investigation  of  the  Latig  type  of  dam.  This  is 
my  coihptex,  and  a  comparison  with  Powell's  results,  indicates  that  tbe 
Parker  type  is  preferable  in  all  cases.  Consequently,  the  calculations  are 
MOlgiven, 
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HyDRAUUC  MACHINEBY  OTHER  THAN  TURBINES       ; 

TlTE  following  discDSsJons  nlust  not  be  considered  as  intendM  tb-  prAvklfe 
all  the  iafoEinatioD  raquired  for  tbe  complett  design  of  any  hyi^aidJc  m^diiDe. 
The  coannictioiwl  pcoUeDW  are  ftlnwst  entirely  ignored  i  and  tha  most 
important  of  all  hydnurik  macbines — the  piston  pttmp-'-TOCvivet  no  diacmaion. 
The  circumstances  under  which  hydraulic  engineers  generally  work  jusrt^ 
this  action.  Assuminj[.  that  a  hydraulic  engineer  possessed  the  requisite 
knowlec^e  and  experience  of  the  working  properties  of  metals  to  permit  him 
to  produce  a  first-clasi  detign,  it  is  aattrrttlj  improbable  that  h«  would  have 
access  to  the  tools  necessary  for  its  construction.  Thus,  in  nearly  all  cases,  a 
trained  mechanical  «tigiaeer  will  be  acsociated  with  thr  design'.  Under  these 
circumstances,  any  hydraulic  ^agioMT  who  intnfsres  wiili  the  meckaiiical 
details  merely  creates  fiiction  and  assumes  an  unnecessary  respaasiblAiy. '  ■ 

I  have  personally  worked  with  excellent  mechanical  engineer^  whci  stated 
that :  "  Such  large  pipes  are  always  expoaad  to  intense  pressurcB,  and  therefore 
the  thickness  of  plating  should  be  tocnwsed  bf  50  per  cent."  These  laige 
pipes  were  actually  exposed  to  less  than  one-half  of  the  pressure  sQstunbd.by 
pipes  of  equal  thickness  and  smaller  diameter  which  the  mechanical  engineer^ 
had  already  installed.  The  facts  and  theory  were  lberefaa«  hopelessly 
Bmmaoaa.  Nevertb«4es9t  on  investigation  the  pipes  as  desigtied  wetefcund  t* 
be  somewhat  less  rigid  than  they  might  be,  and  the  extra  weight  of  metal  was 
finally  applied,  not  in  increased  thickness,  but  in  the  form  of  stiffeners.. 

A  knowledge  of  the  theory  of  hydraulic  machinery  is  really  useful  under 
the  following  circumstances.  An  existing  machine  works  satisfactorily  under  a 
clertain  head  and  when  utilising  a  certain  volume  of  water,  it  is  desired  to  ase 
this  machine  under  a  different  head,  and  when  utilising  a  different  volume  of 
water.  A  little  consideration  will  show  that  a  knowledge  of  the  friction  losses 
in  the  machine,  as  installed,  will  permit  the  etKciency  of  the  machine  to  be 
predicted  under  the  new  circomstances  with  a  fair  degne  of  accutacy.  The 
pressure  and  velocity  at  any  point  in  the  machine  under  the  new  crtrtURsiaiiccs 
can  then  be  calculated  ;  and  the  siresees  produced  in  its  various  members  da 
be  estimated,  as  alio  die  neccMtty  fbt  alterauotw  in  the  loading  of  the  valves, 
or  other  details. 

This  work  is  undoubtedly  best  performed  by  a  hydraulic  engineer,  an4 
should  also  be  carried  out  when  purchasing  hydraulic  machinery..  The 
following  chapters  are  therefore  devoted  solely  to  this  problem,  and  as  a  rule  it 
is  assumed  that  the  coefficients  of  skin  friction,  which,  in  practice,  will  aho 
include  losses  of  bead  at  bends  and  obstructions,  are  determined  by  prenmis 
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observation.    The  problem  is  therefore  somewhat  more  simple  than  that  which 
occurs  when  designing  a  new  machine. 

The  first  two  sections,  however,  are  devoted  to  a  consideration  of  the 
hydraulic  properties  of  enlargements  and  contractions  in  pipes,  end  the  loading 
and  motion  of  valves.  Similar  questions  concerning  bends  have  been  discnsscd 
on  page  28,  and  the  uncertainties  there  disclosed  form  the  greatest  defect  in 
the  following  theories. 

Valvbs  and  other  Obstructiohs  in  Pipbs.— Approrimate  theory— Valve  in  cucnlu 

pipe— Sluice  in  a  lectanguUr  pipe— Cock,  ot  Ihiftttle;  valve. 
Circular   DiaphragTU  in  a  Circular  Pipe.— Sudden   coQtniction  ia  a  pipe  —  Fue 

Sudden  Enlar^^enlenfa  in  a  Pipe. — Boida's  rule  ~  &wr's  expttiments— £t.  Temol'i 
rule — FiBctical  rule — Large  sole  experiment*— Labyrinth  padcings. 

Louea  rf  Head  at  -Gradual  Enlargements,  or  C»itrtctioita;'^GeiTBnd  tbcoiy— 
Loss  by  rriction. 

Andre's  Expetimentt.  -Effect  of  Ctutracter  of  previbui  Wotfon  of  the  Water.— 
Practidi  calctilation  for  ■  conical  eals^^emut- Appficadqn  to  othet  than  corical 
enlaigements — Gibaoo's  experiments  on  mcwe  [afadly.diverBii^  Coties. 

Motion  of  Valves.— Uiility  of  ihs  iovesligalion. 

Uotionof  aPomp  Valve.— Shock  at  closure — Values  of  p — Coefticientsorresislancefor 
valves— Coeffieienls  fbt  1  vaEve  just  before  closure — Spring  loading. 

SVMMtS  CONMECTED   WITH   VftlVBSJAND  Et(LAt«)HME>ITS. 

Aandn^seep.  79S). 

A.  is  the  area  in  square  feet  left  vacant  by  a  valve  or  other  obf tlltelion  in  ■  pipe. 

Ap  it  the  area  in  aqnare  feet  of  the  nnobMructed  ptpe> 

A„A,(»eep,  793). 

f  (seep.  790). 

r,  <5  ifie  coefficient  of  Contraction  of  the  area  A,  considered  as  an  orifice  suljcct  to 

suppression  of  eontiactiCTi  by  the'upitreain'pcKticin'orihe  pipe.  ' 
'"'  is  the  coefficient  of  ditchaigE  of  the  wme  ofitice.* 


</„«;  (lee  Sketch  No.  236]. 

h,  is  used  for  the  loss  of  head  in  feet  when  tl 


.     n  the  velocities  at  the  prants  between  whkh  I. 
is  measured  are  the  same, 
i,.  *,  (see  p.  793). 
H.ij  used  for  tbelossofheail  in  feel  when  the  vrio(:ftte«  ^  the  poials  betweo  wbidi 

,  the  loM  occurs  djffcT  and  this  difference  is  taken  inlo  account, 
i!«,is  the  pressure  in  feet  of  water  at  the  smallest  crosS'SWtion  of  a  diverrinB  cone 
(see  p.  797). 

K  (see  p-  797)-  '      .■■        ' 

i  (see  sVetcb  No.  236). 

»/ (see  p.  7S7).  .      ;  .     .  ■ 

«=    !  (see  p.  789).     On  p.  796  n  is  a  oWher. 

Q;  the  quantity  of  wBler  flowing  thrpugh  Ihe  valve  01  other  oaScc  in  cusccs. 

r=^S(ieep.790l.,  .      , 

I  (see  p.  796). 

t,,  is  the  velocity  In  feel  per  second  in  the  linobstmcied  section  Ap  of  ihe  ppc. 

»,  is  usM  for  Ihe  velocity  in  iHe  smaller  pipe  Whare  there  nie  two  pipes. 

fn  is  the  velocity  at  ihe  smallest  cross-section  of  (he  path  of  Ihe  water  or  the  diveiginC 

I  bv  tl 
enfarg 


a  coefficient  in  the  equation  K  =  i- 
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SUMMARY  OF  FORMUL-li 
TheocEtkal  formula  for  bead  lost  at  an  obstruclion : 


Relation  between  C  and  j*  i 


He«d  lose  at  a  valve  : 


*-=i?fe.- „-    ""P'™- 


C"A,'2i'      %g 


Sudden 


=G-)|. 


O'04l8 


Sudden  eolaigements  in  a  pipe : 

St.  Venanl's  rule  : 

Labyrinth  packings,  with  n  enh^etoents : 

Gradual  enlaigemenU : 

(a)  Collected  for  friction  only  : 

A  -  ^'-^if  <•  -  K>      <*'  P-  W)- 

K=-^,       where  o=CV«-X 
CTani 

<i)  Correction  for  friction  and  divergence  loss  : 

Table  of  q  and  1t^  {see  pp.  799  and  800). 

Valves  and  other  Obstructions  in  PiPEs,~Our  knowledge  of  the 
head  lost  at  these  is  mainly  due  to  Weisbach  {Vtrsueke  Uter  dtr  Avsftuss 
dti  Wasters).  His  experiments  were  sntalt  scale,  and  effected  by  observing 
the  lime  Oben  to  pass  a  given  quantity  of  water  through  the  system  of  pipes 
and  valves  experimented  on.  The  values  are  therefore  mean  values  for  a  head 
vuying  frwn  about  3  feet  dovDwards.  Despite  the  fact  that  the  observations 
were  very  carefully  conducted,  comparison  ?rith  such  modem  experiments  as 
exist  on  a  larger  scale  leads  me  to  believe  that  the  numerical  results  are  by  no 
means  exactly  applicable  to  larger  pipes,  although  it  is  highly  probable  Aat 
they  form  a  gmde  to  the  general  effect  of  the  obstruction. 

There  is  a  certain  theory  which  allows  us  to  test  some  of  Weisbach's 
experimental  results,  and  which  throws  some  light  on  the  probable  applicability 
of  his  observations  to  large  pipes,  and  higher  heads. 
50 
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Let  us  consider  the  effect  of  an  obstruction  leaving  an  area  Ai,  vacant  in  a 
pipe  of  area  A^,  (Sketch  No.  233).  The  water,  which  flows  with  a  velocity  *« 
in  the  pipe,  passes  the  obstruction  with  a  velocity  fo,  given  by  haVt=AfVp,  and 
issues  in  a  jet  the  smallest  area  of  which  is  K^c,  where  e^  is  the  appropriate 
coefficient  of  contraction.     The  velocity  at  the  "  vena  contracta  "  is  then  : 


CcAo 


Vf 


When  the  water  has  travelled  some  little  distance  along  the  pipe  the  jet 
expands,  and  fills  the  pipe  (the  jet  being  previously  surrounded  by  eddying 
water,  or  air,  according  as  there  is  a  sufficient  vacuum  at  the  vena  contracta  to 
set  free  air  or  not).    The  velocity  then  becomes  Vp. 

The  theory  given  by  Borda  for  the  loss  of  head  caused  by  a  sudden  enlarge- 
ment in  a  pipe  probably  applies  to  the  above  described  motion  with  iar  more 
accuracy  than  to  the  case  actually  considered  by  Borda  (see  p.  793).  The  loss 
of  head  caused  by  the  obstruction  is  therefore  : 

The  "lost  head"  Ao,  can  be  directly  observed  as  the  difference  of  the 
pressures  indicated  by  the  two  pressure  gauges. 

The  case  should  be  carefully  distinguished  from  that  shown  in  the  lower 
Figure,  where  the  final  velocity  f,,  is  not  the  same  as  the  initial  velocity  v^ 
In  this  case,  even  if  no  obstruction  existed,  and  the  change  of  velocity  was 
accomplished  without  any  toss  of  energy,  Bemouilli's  equation  shows  that : 

Hence,  H<,  the  diflcrence  in  pressure  indicated  by  the  gai^es,  is  com- 
posed of : 

(i)  A  change  in  pressure  equal  to  A,,— A,= --       -    which  is  not  necessaiily 

accompanied  by  a  loss  of  energy,  since  the  velocity  head  is  increased  or 
decreased,  as  the  case  may  be,  by  the  same  amount. 

(ii)  A  loss  of  pressure  equal  to  Ho=  —^ — ~  which,  so  (ar  as  the  practical 
requirements  of  engineers  are  concerned,  is  accompanied  by  a  loss  of  energy. 

In  the  case  shown,  Vp  is  greater  than  v^  so  that  putting  aside  the  effect  of 
the  obstruction  the  pressure  at  Q,  should  be  greater  than  the  pressure  at  P. 
Hence,  the  observed  difference  Ht,  does  not  fully  represent  the  loss  of  energy. 

The  application  of  this  theory  to  the  values  of  f  experimentally  obtained  by 
Weisbach  leads  Co  values  of  c^  which  are  very  close  to  those  expetimentally 
obtained  on  orifices  of  similar  size  and  under  like  hydraulic  circumstances  to 
those  formed  by  the  ^■alves  and  cocks  used  by  Weisbach. 

When  it  is  desired  to  obtain  the  value  of  f  for  an  obstruction  in  a  large 
pip«^  or  under  a  head  which  greatly  exceeds  3  feet,  it  is  consequently  probable 
that  a  value  of  f  which  is  more  applicable  to  the  actual  circumstances  than  that 
given  by  Weisbach,  can  be  obtained  by  selecting  (in  default  of  special  experi- 

mcms)ihe  value  of^'t^j^gg  ^73^  ^PP"*P'''^ts  to  the  size  of  the  orifice  left  free 
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by  the  obstruction,  and  the  taexd  under  which  it  works,  and  calculating  from 
the  above  equation. 

The  method  is  only  recommended  when  direct  experiment  is  not  availaUe, 
but  it  is  more  likely  to  lead  to  correct  results  than  a  blind  application  of 
Weisbach's  fig^ures  for  a  head  of  3  feet  on  an  obstruction  in  a  i-inch  pipe  to 
a  similar  obstruction  under  ;o  feet  head  in  a  pipe  3  feet  in  diameter. 

Valve  iM  Circular  Pipe. — Weisbach  (j4t  tufinii  experimented  on  a  closely 
fitting,  thin  slide.  Kuichling  {Tratts.  Am.  Soc.  of  C.E.  voL  26,  p.  439)  on  a 
commercial  a4-iiu:h  stop  valve,  and  Smith  [Trans.  Am.  Soc.  of  C.E.,  vol.  34, 
p.  235}  on  a  commercial  30>inch  stop  valve.  Kuichling  has  discussed  the  results 
{Trant.  Am.  Soc.  of  C.E.,  vol.  34,  p.  243),  and  I  have  followed  his  method, 
which  is  to  consider  the  valve  opening  as  an  orifice  of  an  area  A^  equal  to 
ff  times  the  area  of  the  pipe,  and  to  calculate  C  its  coefficient  of  discharge  under 
the  head  At,  lost  at  the  valve,  l«.  : 

Q=CxA(i^2^Ao=C«  area  of  pipe  ^2gAf 

Weisbach  calculates  {  given  by ; 

where  Vf,  is  the  mean  velocity  in  the  [ripe  so  that : 
„    Area  of  pipe       r 

In  commercial  valves  the  valve  has  to  be  lifted  slightly  before  any  passage 
s  opened.    Reckoning  the  lift  from  this  point,  we  have  the  followbg  table, 


where: 


Lift 
Diam.  of  pipe 


Scoith. 

Koidiliag. 

Weisbadi. 

1 

30-iachFipe. 

a4-iDch  Pipe. 

l-j7-m[^  Pipe=0'a4  M.tre,   1 

m 

« 

C 

^ 

C 

, 

C 

f 

0 

I 

0 

92 

0 

106 

0-98 

0 

125 

0-125 

0 

88 

0 

■38 

0-83 

0-I59 

0-64 

97-8 

0 

0 

84 

0 

=33 

"•73 

0 

'S 

0-287 

0 

82 

0 

>96 

070 

0-315 

0-77 

16-97 

0 

3 

0 

83 

0 

359 

071 

0 

375 

0-443 

0 

84 

0 

4Sf 

0-7S 

0-466 

0-91 

5"52 

0 

4 

0 

85 

0 

48j 

o-n 

0 

5 

0-S93 

0 

90 

0 

598 

0-91 

0-609 

1-14 

2-06 

0 

6 

I 

04 

0 

,08 

I -19 

0 

62s 

0-729 

I 

09 

0 

733 

i-«S 

0-740 

1-50 

o-8i 

0 

7 

1 

34 

0 

So; 

i-6i 

0 

75 

0-851 

1 

60 

0 

»S3 

not  ob- 

0856 

2-19 

0-26 

8 

a -08 

893 

served 

0-875 

0-946 

not  ob- 
served 

094S 

0-94S 

4-00 

007 

0-9 

0-9li. 
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The  results  obtaioed  with  the  24-iDch  pipe  are  the  most  accurate,  the 
difference  of  head  on  either  side  of  the  valve  being  directly  observed  ;  while 
Smith  observed  the  total  head  consumed  by  the  valve,  and  a  certain  length  of 
pipe,  and  assumed  that  the  head  lost  by  friction  in  ttus  length  of  pipe  was  pn>- 
fiortional  to  the  square  of  the  quantity  of  water  flowing,  which  is  somewhat 
doubtful  when  n  is  less  than  0*50.  Neither  the  theory  of  Kuichling,  nor  that 
of  Weisbach  is  absolutely  sati^bctcMy,  and  some  of  the  differences  may  be 
explained  by  this  facL 

The  losses  of  head  vary  from  11*6  feet  in  Smith's  observations,  and  9*3  feet 
in  those  of  Kuichling,  at  smalt  openings,  down  to  practically  nothing  when  the 
valve  is  nearly  full  open.  Duane  {Tratu.  Am.  Soc.  of  C.^.,  vol.  36^ 
p.  464),  observed  the  time  tak«i  to  fill  a  certain  length  of  pipe  through  a 
partially  opened  valve,  and  thus  obtained  the  mean  value  of  C,  under  heads 
varying  from  a  certain  maximum  down  to  nothing. 

He  gives^C  =  0*75  for  a  6-inch  pipe,  with  valve  i  inch  open,  i.e.  m  ~  0*166, 
and  K  >-  0'I34,  the  maximum  head  being  I2'i  feet,  and  C  »  07;  for  a  i3-inch 
pipe,  with  valve  1  inch  open,  i-e.  m  =  0083,  and  n  —  o'074,  the  maximom  bead 
being  53  feet 

GraefT  (Traits  ^IfydrauHque,  Tables,  p.  28),  gives  details  of  experiments 
with  a  pipe  o'40  metre  in  diameter  (say  16  inches),  with  openings  ranging  from 
o'4  inch  (o'oii  metre)  to  I'S4  inch  (0*0385  metre),  under  heads  varying  from 
52  feet  to  131  feet,  C,  was  found  to  vary  between  0*795,  ^^^  0*820. 

These  last  experiments  seem  to  show  that  under  very  high  beads  such 
matters  as  the  form  of  the  orifice,  which  plainly  possess  a  certain  inffuence 
under  low  heads,  no  longer  affect  the  coefficient  of  discharge  ;  which  becomes 
what  would  be  predicted  for  a  circular  orifice  in  a  thick  wall. 

The  valve  used  by  GraefT  being  some  6  inches  thick,  it  is  plain  that  for  the 
orifices  experimented  on,  the  "  wall "  can  be  considered  as  thick.  It  is  doubtful 
whether  in  these  experiments  the  jet  issuing  from  beneath  the  valve  ever 
expanded  so  as  to  completely  fill  the  pipe.  The  circumstances  of  the  orifice 
are  shown  in  Sketch  No.  233,  as  the  experiments  are  almost  classic  and  have 
formed  the  basis  of  many  assumptions  concerning  coefficients  of  discharge 
under  great  heads. 

The  value  C  =  0*75  to  0*80,  may  be  assumed,  and  used  in  all  calculations 
where  the  question  is  of  practical  importance,  as  it  is  only  rarely  that  we 
require  to  accurately  predict  the  discharge  of  a  valve  except  for  small  openings 
under  high  heads. 

Sluice  in  a  Rectaitgular  /'ijfe.— Weisbach  woilced  on  a  pipe  i  *9S  inch  x  0*96 
inch  (5*02  cms.  x  2*48  cms.),  and  the  opening  was  always  1*98  inch  wide.    He 


Area  of  orifice  „ 


0*5      0*6      0*7      o*8      ofg 


Area  of  pipe 

C    .        .        .193    44'S     17*8    8*13    4*03    3*o8    0*95    0*39    0*09    o*oo 
The  coefficients  of  contraction  indicated  are  : 

Cc  .  .0-67    0*65    064    0*65    0-67    0*68    0*73    077    0*85 

and  these  variations  may  be  explained  in  general  terms  by  the  effect  of  the 
wider  orifice  in  the  earlier  stages,  followed  by  that  of  the  partial  s 
of  contraction  at  the  upper  edge  in  the  later  stages. 
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The  f1ieoi7  may  therefore  be  AppKed,  as\A  it  would  appear  thai  tot  a  Mmilar 
sluice  on  a  larger  scale,  the  coefllicients  of  contraction  being  smaller,  we  may 
expect  to  get  somewhat  larger  values  of  f'. 

Coek  cr  Throttle  Vaive.—The  pipes  experimented  on  by  Weisbach  were  : 

(i)  Circular,  1*58  inch  in  diameter  (4  cms.) ;  and 

(ii)  Rectangular,  1-98  inch  x  096  inch  {S'02  cms.  x  2*48  cms.).  The  coefficients 
in  terras  of  the  angle  $  through  which  the  cock  or  valve  is  turned,  are  given 
below  i  tf  =  o,  corresponding  to  fiill  on  ; 


a 

Cock. 

Throltle  Valve. 

arcular  Kpe. 

Reclangular  Pipe. 

Circular  Pi|)e. 

RecUnguiar  Pipe.  | 

Dtgiees. 

^ 

J- 

^ 

f 

, 

f 

^ 

f 

0 

i-ooo 

o-oo 

I -000 

0-00 

0-17 

rooo 

0-26 

5 

0*926 

o-o6 

0-926 

0-05 

0-913 

0-24 

0-913 

0-28 

10 

0-850 

0-29 

0-849 

0-31 

0-826 

0-52 

0-836 

0-43 

IS 

0772 

0-75 

0-769 

0-88 

o-74'i 

0-90 

0-741 

0-77 

zo 

0-692 

1-56 

0-687 

1-84 

0-658 

1-54 

0-658 

1-34 

as 

0-613 

3-10 

0604 

3-45 

0-577 

2-5" 

0-S77 

2-16 

30 

0-S35 

5-47 

0-520 

6-12 

0-500 

3-91 

0-500 

3-54 

35 

0-458 

9-68 

0-436 

II-2 

0-426 

6-22 

0-426 

5-72 

40 

0-385 

'7-3 

0-352 

20-7 

0-357 

10-8 

0-357 

9-»S 

45 

o-3'S 

31-2 

0-269 

41-0 

0-293 

lS-7 

0-293 

15-3 

5« 

0-250 

52-6 

0-T88 

94-5 

0234 

32-6 

0-234 

24-9 

5S- 

0-190 

106 

0-116 

309 

58-8 

0-190 

42-7 

60 

o-»37 

206 

0-134 

iiS 

0-137 

77-4 

65  ■ 

0-091 

486 

0-O94 

256 

0-091 

»59 

70 

0-060 

75" 

0-052    3«9      1 

The  original  experiments  indicate  that  when  n,  the  ratio : 

Area  of  free  passage      An 
^rea  of  pipe     "  ~  Ap 

is  small,  the  value  of  {  is  influenced  by  the  circumstances  of  the  discharge  :  e.g. 
whether  a  long  pipe  succeeds  the  valve  or  not,  and  whether  the  discharge  is 
into  air  or  into  water.  To  judge  from  Weisbach's  remarks,  these  differences 
are  mainly,  if  not  entirely,  due  to  the  flow  not  being  regular  under  small  heads 
such  as  occurred  towards  the  end  of  the  discharge.  It  is  therefore  unlikely 
that  these  diflerences  will  occur  when  the  head  through  the  valve  is  greater 
than  3  or  4  inches,  as  will  probably  be  the  case  in  practical  applications.  The 
values  tabulated  have  been  selected  from  those  observations  in  which  this 
irregularity  of  flow  was  least  marked. 

It  would  appear  that  the  deflection  produced  by  the  throttle  valve  has  very 
little  influence  on  the  value  of  £  compared  with  the  contraction  in  the  area  of 
the  passage.  No  deductions  as  to  applicability  to  larger  valves  can  be 
Ifiven. 
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CirculAf  DUphragm  In  ».  Circulur  Pipe. — Weisbach  fbtmd  experimentally  2 
follows : 


Ratio  of  areas  A,  =  mAj,  ,    n°>     o'l 

0-614 

_5'. 

19-8 
o-6ra 

0-4 

0-5 

Appioach    channel 
much    larger    than 
pipe        .        .        J 

f,-     o-6i6 

,•6. 
o-6io 

~^ 
0659 

o"oo7 

Diaphragm  in  a  cylin-1 
drical  pipe       .        ./ 

<:,=      0-634 

«-8 
0-632 

30-8 
0-643 

:il. 

Ratio  of  areas  a;  =  MAp      n=     0-6 

07 

0-8 

0-9     1  i-o 

Approach    channehi     .          ,  „ 

1-88 
0-603 

i-i; 
0-601 

073 
0598 

0-48   ; 

o-59«, 

Diaphragm  in  a  cylinV    £=      i-8o    ^ 
drical  pipe      .        .] ^   e^=     0711 

0-80 
■>-7SS 

0-J9 
0-8.3 

o'o6 
0-891 

o-oo  ' 
i-oo     j 

Note. — In  the  first  case  the  correction  for  change  of  velocities  explained  on 
page  786  was  applied  before  calculating  the'last  head. 

The  values  of  fj,  agree  fairly  well  with  what  might  be  expected,  since  we 
know  that  partially  guiding  a  jet  after  exit  increases  the  coefficient  of  contraction. 
Hence  it  is  probable  that  the  values  of  (  \\(f\A  for  larger  pipds,  but  are  slightly 
increased.  As  a  matter  of  fact,  we  kno(v  that  the  valu^  { » 0-48  (which 
corresponds  to  the  head  lost  at  entry  in  the  ordinary  ca^  of  pipe  fl«w)  is 
increased  to  0-505  in  large  pipes,  and  this  would  indicate  that  Cc  =  0-584.  :  This 
is  about  2  per  cent,  below  the  theoreticai  vaiue,  and  the  difference  is  probably 
explained  by  skin  friction,  as  has  already  been  pointed  out  in  the  caae  of 
cylindrical  orifices  (p.  149).  The  values  of  f  for  larger  pipes  are  probably  some 
3  or  4  per  cent,  in  excess  of  those  given  above. 

Sudden  Contraeiion  in  a  /'«>^.— Merriman  {TreoHst  on  HydnmUt 
suggests  that  the  loss  of  head  may  be  calculated  from  the  formtiU : 


77) 


=o-y? 


where  Vt  is  the  velocity  in  the  smaller  pipe,  and  : 


where  r  {=  ^/n).  is  the  ratio  of  the  diameters  of  ihe  two  pipes.     He  gives 


/•=o-o 

0-4 

0-6 

0-8 

0-95 

,-0    1 

(■=0-62 

0-64 

0-67 

0-69 

072 

0-79 

0-86 

i-oo     1 

C=  0-375 

0-317 

0-242 

0-151 

0-071 

0-016 

o-oo 

The  rule  is  founded  on  the  collation  of  several  series  of  experiments,  aod  is 
therefore  quoted.    The  actual  loss,  however,  appears  to  be  largely  affected  by 
s  of  the  prior  motion,  and  the  character  of  the  conlractioik 
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Merriman's  rule  apfdtes  best  to  cases  where  the  velocity  is  high,  and  the  con- 
traction sharp,  such  as  small  pipes,  coupled  up  by  metallic  joints,  and  convey- 
ing water  under  high  pressure.  This  is  probably  the  case  which  occurs  most 
frequently  in  practice. 

As  a  contrast,  Brightmore  {P.I.C.E.,  vol,  169,  p.  313)  experimented  on 
6-inch  pipes,  contracting  to  4  inches  and  3  inches  in  diameter. 

The  experiments  on  the  contraction  of  a  6-inch  to  a  3-inch  pipe  show  that 
the  loss  of  head  is  only  very  slightly  less  than  — '  — ~,  so  that  we  may  believe 

that,  doe  to  the  pipes  being  rusted,  the  orifice  formed  by  the  contraction  was 
not  "sharp,"  and  that  the  loss  is  therefore  that  caused  by  the  reduction  in 
velocity  from  that  in  the  6-inch  pipe,  to  that  in  the  3-inch  pipe.  The  results 
obtained  in  the  6-inch  to  4-inch  contraction  are  markedly  irregular,  and  cannot 
be  represented  by  any  formula.     If  we  put : 

Vp  =  velocity  in  the  6-inch  pipe, 
and  V,  =  velocity  in  the  4-iQch  pipe, 

we  find,  as  the  mean  of  several  observations,  that : 

when  Vf  =«  4'2  feet  per  second.    The  head  lost  =     "    '~- 

when  I'll  =  4     feet  per  second.    The  head  lost  =  -■■      - — — 

when  Vp  =  2-5  feet  per  second.     The  head  lost  =  -  ■"^'~^^" 

The  matter  deserves  closer  study.  For  the  present,  it  would  appear  that 
when  the  head  lost  is  a  quantity  measured  in  feet,  Merriman's  value  is 
probably  the  best ;  but  when  the  head  lost  is  small,  and  can  best  be  measured 
in  inches,  the  loss  is  best  represented  by  the  expression  h=    '^  '        -. 

The  change  of  law  will  probably  prove  to  be  more  or  less  intimately  connected 

with  the  critical  head  phenomena  discovered  by  Bilton  (see  p.  143).    For  the 

present  it  appears  advisable  to  use  Merriman's  formula  only  wben  the  head 

given  by  his  equation  exceeds  Hilton's  critical  value  for  an  orifice  of  the  siie  of 

the  smaller  pipe,  as  we  are  then  safe  ^^inst  an  underestimation  of  the  loss. 

Freeman  (Tmm.  Am.  Soe.  of  C.E.,  vol.  21,  p.  463)  experimented  on  fire 

noules.     These  are  orifices  at  the  end  of  a  channel  of  an  area  comparable 

.-  .1.  .     c  .L  c         I.  ..-  L        .■      Diameter  of  orifice         /aT 

to  that  of  the  orifice,     Putting  r,  as  the  ratio     _r.  ,    .    -  =/,/i^, 

"    '  Diameter  of  pipe       V  Ap 

Merriman  («/  lupra)  finds  that  the  experiments  agree  very  fairly  with 
C  =  o^S7t-^^^^-  where  C,  represents  the  cocfiicient  of  discharge  of  the 
nozzle.    The  tabulation  of  the  experiments  is  as  follows  : 


r        .         .         . 
C  (experimental) 
C  (calculated)    . 

■  1  0-634  ,  0736  1  0-739 

■  0-643  j  0732     0-741 

0-886 

0-742 
0-771 

0-866     o-9?5 
0-857  ,  i-ooo 
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These  values  are  applicable  to  nozzles  of  the  fonn  shown  in  Fig.  No.  i, 
Sketch  No.  233.  Fig.  No.  2  shows  a  more  favourable  case,  aod  No.  3 
Freeman's  standard  design  which  produces  C=o'95  to  0*97. 

In  large  scale  experiments  the  difficulties  discussed  under  EnlargcmeDts 
(see  p.  795)  occur,  but  by  no  means  to  so  marked  a  degree.  If  the  edge  of 
the  contraction  is  sharp,  a  vena  contracta  occurs  beyond  the  contractioti,  and 
the  rales  given  on  page  786  are  applicable.    (See  Sketch  No.  334.) 

In  practical  experiments  on  a  large  scale  the  edge  must  usually  be  regarded 
as  rounded,  and  the  value 


fin   «B*s 
Sketch  No.  333.— Contractions  and  Enlargements  in  Pipes. 


probably  overestimates  the  loss,  provided  that  the  motion  in  the  larger  pipe 


has  become  steady.     If,  however,  the  motion  is  unsteady,  the  rule 

is  probably  more  correct,  but  accurate  experiments  on  a  large  scale  do  not 
exisL  In  some  experiments  smaller  values  have  been  found,  but  it  may  be 
suspected  that  these  are  due  to  incorrect  positions  of  the  pressure  gauges,  or  to 
the  motion  being  stream  line  (see  p.  17).  Some  experiments  of  my  own, 
where  Ap,  was  8  inches  in  diameter,  and  A^  was  6  inches  in  diameter,  give 
values  vary inj;  between  11,  and  14  ','  - — ^-   |  ; 


9  Brigbtmore's  work 
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the  values  are  apparently  accidental,  in  that  duplicate  experiments  rarely  .give 
identical  results,  and  the  differences  are  greater  than  can  be  explained  by 
errors  of  observation. 

Sudden  Enkrcementa  in  «  Pipe— Let  A],  be  the  area  of  a  pipe  which 
conveys  a  quantity  of  water  AiVi,  and  let  the  area  of  the  pipe  section -sudden^ 
alter  to  Ai,  where  Aj,  is  greater  tban  A,. 

If  the  water  fills  the  enlargement,  and  the  pipe  continues  to  flow  full  bore, 
the  new  velocity  is  w»,  vheie  : 

T-jAj  =  j^iAi 

If  hi,  and  ht,  represent  the  pressures  at  points  in  the  areas  A„  and  Ag, 
which  are  at  the  same  level,  we  have  : 

where  Ho,  represents  the  "head  lost"  at  the  enlargement 

Borda  has  given  a  theoretical  investigalioo,  which  shows  that  there  is 
reason  to  believe  that 

H  =  ("i-^i)* 

As  a  matter  of  experiment,  this  value  of  Hd,  is  usually  slightly  exceeded. 
Baer  {Dingkt'i  Journal,  March   23,   1907)  experimBntcd  on  pipes  where 

A„  was  a  circle  of  2  inches  (0-05  metre)  in  diameter,  and  the  ratio  ^  . 
was  successively  3,  6,  and  ii'SS. 

The  values  of  I'l,  ranged  from  1*05,  to  9*18  feet  per  second  in  each  case. 


(i)  For  t'=3-  The  loss  of  head  is  slightly  greater  than  H,  and 

is  practically,  H+a  constant,  for    all    values 
of»t. 
(ii)  For  ^=6.  The  law  is  as  for  ^-3,  but  the  constant  is  slightly 

Ciii)  For^  =  iiss.    The  toss  is  more  nearly  represented  by 
H'— a  constant. 
We  may  therefore  state  that : 

When  ^  is  small  (say  not  greater  than  3),  the  loss  is  very  close  to  H,  but 
slightly  exceeds  H,  and  this  excess  increases  as  ^  increases. 

When  -~,  is  greater  than  10^  the  loss  is  better  represented  bf.    ' 
H'— a  constant,  and  the  constant  decreases  as  ~,  increases. 

St.  Venant  states  that : 

^g         fig 
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This  rule  agrees  very  closely  with  Baer's  results  for     '=3,  although  the 

difTerences  are  greater  than  can  reasonably  be  explained  by  errors  in  measure- 
ment. The  rale,  however,  is  quite  safiiciently  accurate  for  all  practical 
jNiTposes. 

1  SQggest  the  following  : 


A,. 

If  4?i=i 


If 


less  than  2. 


Then  the  head  lost=H. 


is  between  2  and  4-      Then  St.  Venant's  rule  may  be  applied. 
If  ^  is  between  4  and  la    Then  the  head  lost=^"^". 
If  x^  is  over  10.  Then  the  head  lost=H'. 

Those  rules  are  intended  to  slightly  overestimate  the  loss. 


m. 


r 

* 

'ST-.tS.    ^ 

\..^ 

-4 

Mi>»* 

4- 

Umat^^jm. 

:ii 


Skbtch  No.  234. — Pipe  Contractions  and  Motiun  ofa  Pomp  Valve. 

Drightmorc  {P.I.C.E.,  vol.  i6g,  p.  323)  worked  with  a  3-inch  pipe,  en- 
lar^ng  to  6  inches  in  diameter  ;  and  a  4-inch  pipe,  enlarging  to  6  inches  in 
diameter.  After  correcting  for  friction  and  change  of  velocity  in  the  length 
of  pipe  between  the  points  where  the  pressure  was  observed,  he  found 
that : 


s  up  to  ^i-rs 


Ifv^=4.         Then  the  head  Iost  =  H   for  all  velocitie 

feet  per  second. 
If^='2'2S.    Then  the  head  losl  =  H— 0-04  to  010  foot,  for  velocities 

up  to  Vi  =6'5  feet  per  second. 

I  consider  that  the  differences  are  explicable  by  uncertainties'ns  to  the  exact 
value  of  the  friction. 

The  whole  question  is  also  probably  greatly  influenced  by  the  roughness 
of  the  pipcM. 
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In  actual  experiments,  if  the  ratio  -^,  is  large,  the  stream  issuing  from  the 
smaller  pipe  may  moTe  as  a  jet  without  mixing  with  the  mass  of  eddying 
water  which  lies  in  the  comers  of -the  enlargement.  If  only  a  shtni  length  of 
pipe,  of  an  area  At,  occurs,  it  may  then  be  found  that  the. lost  bears  no 

fixed  relation  to  -J-.  In  such  cases,  the  amount  of  head  lost  for  rather,  the 
length  of  the  path  which  must  be  traversed  before  the  loss  is  complete^  is 
not  dRennined  in  any  way,  and  although  St'  Venant's  valne,  or  the  value 

-^^T — -,  may  be  finally  attained  when  the  jet  has  filled  the  pipe,  the  distance 
beyond  the  enlargement  where  this  occurs,  depends  on  accidental  circum- 
stances. Full  bore  flow  without  eddies  may  be  attained  in  a  length  equal  to  the 
diameter  of  the  pipe,  or  may  not  occur  for  40  diameters  or  more.  In  many  cases, 
where  the  enlargement  is  but  temporary,  the  moving  water  may  flow  through 
the  enlargement  between  "  banks  "  of  eddying  water,  with  but  slight  diminution 
of  velocity,  and  consequently  with  but  small  loss  of  head.     (Sketch  No.    234 

In  Cassier's  Magasint  (March  1907),  the  head  lost  in  a  pipe  9  feet  in 
diameter,  and  39  feet  in  length,  which  then  enlarged  to  12  feet  in  diameter 
by  a  diverging  cone  18  feet  long,  and  was  followed  by  43  feet  of  piping, 
[2  feet  in  diameter,  is  given  for  values  of  v^  up  to  8  feet  per  second.  The 
results  are  puiiling,  and  some  error  in  the  friction  coefficients  may  be 
suspected.  There  is,  however,  not  the  slightest  doubt  that  the  excess  of 
the  observed  loss  of  head  over  that  Vhich  is  given  by  the  usual  friction  rules 
is  very  close  to : 

■ig 

and  that  no  reasonable  assumption  concerning  the  values  of  the  fnction 
coefficients  will  permit  the  value        ~~    '  ■  to  be  obtained. 

The  lengths  of  the  pipe  are  extremely  short  in  proportion  to  the 
diameters,  but  until  farther  evidence  is  available,  it  is  advisable  to  regard 
the  larger  value  — —   as  nearer  the  truth  than  the  usual  rule  ^ ^ 

2£-  -ig 

m  such  cases. 

Labyrinth  Packings. — These  packings  are  well  known,  and  although  they 
are  more  employed  in  small  apparatus  than  in  large  machinery,  of  late  years 
they  have  been  used  with  great  success  on  a  large  scale. 

If  a,  be  the  area  of  a  naiVow  passage,  and  A,  be  the  area  of  the  enlarge- 
ments, the  theory  developed  above  indicates  that  for  a  leakage  Q,  th6  head 
lost  at  each  enlargement  will  be  : 

2g\a    a) 
and  the  energy  of  ihe  exit  velocity  being  also  lost,  we  see  that  for  a  packing 
consisting   of  n  enlargements,  and  m  +  1    constrictions,  the  total  head,  or 
pressure  difference,  is : 

QTb/''     «Vj_i\     Q'f+i 

whence  the  leakage  can  be  calculated. 
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Actually,  an  allowance  should  be  made  for  skin  friction. 

The  experiments  of  Becken  {Ztschr.  D.T.V.,  July  20,  1907),  on  a  packing 
aa  pel  Sketch  No.  235,  where  the  circumstances,  owing  to  the  agiag  path, 
ore  far  nore  &voaTable  to  loss  by  shock  than  in  the  ordinary  packing,  Ao« 
that  the  above,  theory  is  &irly  dose  to  the  truth,  but  that  in  practical  dengu 
the  effect  of  friction  is  by  no  means  negligfible.  In  actual  examples,  the 
friction  can  be  taken  as  proportional  to  v*  (although  under  small  differences 
of  pressmre  capillary  motion  with  resistance  proportional  to  v,  does  oteor) ; 
and  if  /,  be  the  length,  and  t,  the  height  of  the  constricted  pasiagas,  we  can 


Difference  in  pressure  =  —  ,  (  «+ 1  +0-02  —J 

ble. 

d  3  ihou! 


where,  of  coMrse,  both  4  and  j',  may  be  variable. 

In  ordinary  cases,  i,  varies  between  9,  and  3  thousandths  of  an  inch. 


U- 


'^^ 


men  or  SliOii^  /mp  Shaft  or  mi/fg  Mofm 

Skitch  No.  335. —Labyrinth  Packings. 

Loaaea  of  Head  at  GradiuJ  Enlargementa,  «r  ContimcbonB.~The  osaal 
treatnient  of  this  somewhat  important  subject  is  defective.  The  application  of 
the  theoretical  principles  to  the  case  of  Venturi  meters  has  been  considered  on 
page  79,  The  draft  lubes  of  turbines,  and  Herschell's  fall  intensifier  form 
other  practical  examples. 

Unfortunately,  all  the  precise  experiments  upon  the  subject  are  on  a  small 
scale,  and  very  many  of  them  are  useless.  In  the  first  place,  Andres  {ZUkr. 
DJ.V.,  SepL  17,  1910)  has  plainly  shown  that  the  manner  in  which  the  water 
enters  the  enlargement  (experiments  on  contractions  de  not  exist,  but  the 
effect  is  probably  very  small  in  such  cases)  greatly  influence;  the  los&i  Thus, 
if  the  water  immediately  before  reaching  the  enlargement  is  passed  through 
a  fine  mesh  sieve,  the  loss  differs  considerably  from  that  which  occurs  when 
the  sieve  is  replaced  by  a  diaphragm  containing  an  orifice,  or  by  an  apparatus 
which  causes  the  water  to  rotate  round  the  axis  of  the  diverging  lube. 
Secondly,  unless  the  pressures  are  so  arranged  that  the  vacuum  existing  at  the 
nmtraction  does  not  exceed  a  certain  value  (usually  20  to  24  feet  head  of  water, 
or  10  to  14  feet  absohite,  but  which  is  obviously  dependettt  upon  the  tempera- 
ture and  the  amount  of  air  contained  in  the  water),  air  will  be  released  from  the 
water,  which  will  not  therefore  entirely  fill  the  tube.  Hence,  the  velocities 
cannot  be  calculated  from  the  geometrical  siie  of  the  pipes,  and  the  experi- 
ments are  useless. 
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Thirdly,  in  small  scale  experiments,  the  quantity  of  water  passing  is 
frequently  such  tbat  at  some  point  of  its  passage  the  velocity  faLs  below 
Osbome  Reynolds'  upper  critical  velocity  (see  p.  20).  The  law  of  skin  friction 
consequently  changes,  and  the  experiments  are  useless. 

The  necessity  of  bearing  these  conditions  in  mind  is  shown  by  the  lact  that 
206  out  of  the  254  experiments  conducted  by  Fliegner  are  certainly  affected 
by  one  or  other  of  these  causes,  and  possibly  even  some  of  the  remainder 
as  well. 

The  theoretical  treatment  is  simple.  Let  the  velocity  at  the  throat  (or  cross- 
section  of  minimum  area)  of  a  diverging  tube  be  equal  to  v^,  feet  per  second, 
and  let  A^,  be  the  pressure  in  feet  of  water  at  this  point.  Then,  A,  the 
pressure  at  a  point  where  the  velocity  is  equal  to  v,  is  given  by  the  following 
equation : 

A-A.«.2iLr!^«.H,say, 

and  v«,  and  v,  can  be  calculated  from  the  geometrical  fonn  of  the  mouthpiece, 
when  the  quantity  of  water  passing  is  known. 

The  corrections  for  skin  friction  are  uncertain.  If  the  mouthpiece  is 
circular  in  cross -section,  and  conical  in  longitudinal  section,  we  find  that; 


where  B  is  the  vertical  angle  of  the. cone,  and  v^Cjrs,  is  the  frictional 
equation  of  the  pipe.  An  equation  of  similar  form,  differing  only  in  the  fact 
that  K,  is  multiplied  by  a  constant,  can  be  derived  when  the  frictional 
eqnatton  is : 

It  is  usually  stated  that  C,  should  be  selected  so  as  to  correspond  with  the 
velocity  v„,  and  a  size  of  pipe  equal  to  that  of  the  throat  of  the  mouthfMece. 
This  statement  does  not  appear  to  possess  any  very  reliable  experintental  basis, 
and  I  doubt  if  it  can  be  verified. 

As  will  later  be  seen,  this  detail  is  not  of  much  practical  importance. 

In  actual  practice,  however,  a  very  important  distinction  exists.  If  the 
motion  is  directed  from  the  wider  end  of  the  mouthpiece  towards  the  throat, 
the  corrected  equ^ion  is  found  to  represent  the  experimental  facts  with 
sufficient  accuracy.  The  fall  in  pressure  indicated  in  equation  No.  A  occurs, 
and  any  difference  between  theory  and  experiment  is  quite  sufficiently  explained 
by  imcertainties  as  to  the  exact  value  of  C. 

If,  however,  the  motion  is  reversed,  and  is  from  the  throat  towards  the 
wider  end,  the  observed  increase  in  pressure  is  less  than  the  value  calctilated 
from  the  above  equation,  and  the  ditFerence  is  ustially  greater  than  can  be 
explained  by  any  reasonable  value  of  the  friction  coefficient.  As  Andres  states, 
the  transformation  of  velocity  into  pressure  is  imperfect,  and  an  extra  loss 
(which  he  terms  the  divergence  loss)  of  head  over  and  above  that  due  to 
friction  occurs. 

The  experiments  carried  out  by  Andres  were  on  twenty-two  forms  of  diverg- 
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ing  tube,  with  circniar,  square,  and  rectangular  cros» -sections.  Of  these,  nine 
were  ordinary  conical  mouthpieces,  and  in  seven  the  longitudinal  sections  were 
so  calculated  that  if  Bemouilli's  equation  held  exactly,  the  pressure  head  k, 
would  have  varied  uniformly  from  one  end  of  the  mouthpiece  to  the  other. 
In  the  other  six,  the  pressure  head  would  have  varied  in  a  parabolic  majmet. 
Andres  defines  ; 


where  A,  is  the  observed  difference  between  the  pressure  at  the  wider  portioD 
of  the  tube,  where  the  velocity  is  equal  to  v,  and  the  pressure  at  the  throat  of 
the  tube,  where  the  velocity  is  f«. 

Thus,  (1=1,  would  mean  that  Bemouilli's  equation  was  accurately  true. 
Of  course  the  influence  of  skin  friction  prevents  1=  x%  from  ever  being  attained. 

The  maximum  possible  value  of  ^i,  is  -^ head  lost  in  skin  friction, 

and  then,  ■;  —  i  — K. 

The  best  results  are  invariably  obtained  with  the  nine  conical  tubes,  for 
which  the  mean  value  of  ■)  in  nonnal  motion  is  0720.  For  the  seven  straight 
line  pressure  tubes  Ibe  mean  is  0*658,  and  for  the  six  parabolic  tubes  the  mean 
is  o'673.  I  shall  therefore  merely  consider  the  conical  tubes,  although  varia- 
tions in  7  of  a  similar  nature  are  produced  in  all  forms  of  tube  by  alterations 
in  the  character  of  the  water  motion.  The  character  of  the  water  motion  is 
fixed  as  follows  : 

The  water  before  entering  the  diverging  tube  is  passed  : 

I,  Through  twenty  fine  wire  sieves. 
II.  Through  one  similar  sieve. 

III.  The  normal  case  where  there  is  no  obstruction  in  the  pipe. 

IV.  The  water  is  passed  through  three  small  circular  holes  in  a  diaphragm. 
V.  The  water  is  passed  through  a  channel  obstructed  by  spirally  twisted 

vanes,  and  thus  enters  the  tube  with  a  rotary  motion  round 

The  effect  of  these  preliminary  operations  is  best  illustrated  by  taking  the 
mean  values  of  >;  for  all  the  tubes  (conical  or  otherwise)  experimented  upon. 

(A)  The  mean  value  of  7  for  seven  tubes,  when  treated  according  to  the 

method  described  in  No.  I,  is  0-69^  and  the  mean  value  of  ij  for 
these  same  seven,  in  normal  motion,  is  0761. 

(B)  For  six  tubes,  treated  according  to  case  No.  II,  we  get  a  mean 

If  a  o'6j6,  and  the  mean  for  the  same  six  tubes  in  normal  motion 
is  0727. 

(C)  For  twelve  tubes,  treated  as  in  case  No.  IV,  we  get  a  mean  ij  «  o'So7, 

and  the  mean  for  the  same  twelve  tubes  in  normal  motion  is 
0776. 

(D)  For  eight  lubes,  treated  as  in  case  No.  V.,  the  mean  value  of  7  is 

o'SSi,  and  for  the  same  eight  in  normal  motion  it  i^  o'Sio. 
Thus,  we  see  that  the  more  disturbed  and  turbulent  the  motion,  the  better 
is  the  value  of  ^  obtained.    The  high  values  obtained  for  a  rotatuig  motion 
suggest  that  the  real  reason  why  7  does  not  always  reach  its  theoretical  value 
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as  corrected  for  friction  is  to  be  found  in  the  fact  that  tha  moving  watei  does 
not  naturally  fill  the  tube  completely,  but  that  an  annulus  of  dead,  or  eddying 
water,  fonns  between  the  walls  of  the  tube,  and  the  jet  of  moving  water  which 
issues  from  the  throat 

The  following  tabulation  shows  the  results  for  the  six  circular  conical  tubes, 
the  symbols  being  shown  in  Sketch  No.  236. 


d,  d,    I 

1^1,  ' 

t,  for  Cue  No. 

-(^^) 

-^A 

Remarks. 

a/ 

I. 

11. 

111. 

IV. 

V. 

Surface- 

2-86 

o-5z 

10-62 

0-744 

o-8a4 

o-8q2 

Unpolished. 

o-6o 

8-4<> 

«-47 

0-068 

0-86S 

o-«7i 

0-881 

0-Q2S 

o-<)8q 

Polished. 

1-7* 

0'6o 

8-46 

870 

0-068 

0-8  S4 

0-861 

0-964 

Unpolished. 

i'77 

0*67 

IO-3-1 

6-86 

0-054 

0-806 

o-8ii 

O-qo," 

0-920 

„ 

i-ao 

o-6o 

8-46 

4'oo 

0-034 

0-8qo 

o-8qo 

0-892 

0-93^ 

PolUbed. 

1'20 

061 

»-o8 

3-«8 

0-037 

0-812 

o'«S5 

0-857;   Unpolishe4| 

The  final  deductions  by  Andres  for  the  case  of  a  conical  enlat^ement  of 
circular  cross-section  are  founded  on  a  discussion  of  his  own  experiments,  aod 
of  those  of  Francis  and  Banninger,  and  are  as  follows  : 

The  theoretical  increase  ir 


observed  in  normal  11 


n  pressure  being*— A„  =  H  —    "        that  actually 
a  (Case  III.)  is  Aj.    We  can  account  for  a  certain 


portion  of  the  difference  H  — Aj,  by  skin  friction,  say  A/  =  - 


— j-     Andres  puts 


hi  =  H  — (Ai+A/),  and  finds  that  A,i  =  iiiH,  where  7,1  is  a  function  of  8  only, 
being  independent  of  C,  and  of  v„,  provided  that  the  pressures  arc  so  adjusted 
>t  disengaged  at  the  throat,  and  that  Reynolds'  critical  velocity  is 


that  a: 


not  approached  at  any  point  in  the  enlargement  (see  p.  20). 

The  points  representing  the  values  of  >ia  are  somewhat  irregularly  distri- 
buted, although  not  more  so  than  can  be  explained  by  the  difRculties  already 
enumerated.    The  following  table  may  be  used  : 


S 


4° 


iU  =  o-3o  0-13  009  0066  0055  0050  0-046  0042  0-039  OQ36  0033 

It  will  be  plain  that  the  smaller  C  is,  the  less  will  be  the  value  of  i  which 

will  give  the  largest  value  of  7  =  tj,  and  the  best  design  is  found  by  making 

A/        .  . 
i|,i+T3  a  mmimum,  or  7  a  maximum. 

It  would  also  appear  that  a  similar  e<iuation  may  be  applied  to  enlargements 
which  are  not  conical.  A  mean  value  of  9  or  of  i;,i  is  selected  for  each  short 
length.  This  short  length  is  then  considered  as  conical,  and  ij  is  calculated. 
The  value  of  A',  =  7H',  where  H'  is  the  theoretical  increase  in  pressure  in  the 
short  length,  can  thus  be  obtained,  and  by  repeating  the  process  the  pressure  at 
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any  point  in  the  enUrKement  can  be  ascertained.  Andres  states  that  the  results 
d  this  process  agree  fairly  well  with  observation. 

A  similar  law  probably  holds  good  for  enlargements  which  are  square  or 
rectangular  in  section  ;  but  as  these,  in  practical  cases  if^.  the  wheel  or  guide 
vand  passages  of  turbines,  or  centrifugal  pumps),  generally  have  a  curved  axis 
further  and  mote  detailed  experiments  are  necessary  before  any  uscAit  mle  can 
be  given. 

Gibson  {Proe.  Roy.  Soc.,  vol.  83,  p.  368)  has  also  investigated  this  subject, 
using  tubes  of  varnished  wood  in  which;  i^i  =  3  inches,  dt  =  I'J  inch.  The 
arrangements  were  by  no  means  so  perfea  as  in  Andres'  ^periments,  but 
for  that  very  reason  they  resemble  those  which  are  likely  to  be  employed  in 
engineering  practice. 

The  results  obtained  by  Andres  for  normal  motion  are  generally  confirmed, 
more  especially  the  most  important  one  that  with  tubes  of  circular  cross-secticm, 


SkSTCH  No.  ajfiL— Andres'  Experiments. 

at  any  rate,  a  conical  enlargement  is  more  efficient  than  any  other  form.  So 
also,  ifi  is  found  to  depend  upon  S  only,  provided  that  "  the  velocity  exceeds 
5  feet  per  second." 

The  following  tabulation  shows  the  values  of  3  and  m  for  the  pipes  experi- 
mented upon.  The  difFerences  between  this  table  a.nd  that  given  by  Andres 
(which  I  consider  to  be  the  more  practical  inside  its  own  range)  an  euily 
explicable  by  the  fact  that  Gibson  used  the  formula : 


n  order  to  determine  the  bead  lost  in  friction  : 


07a 

o'67 

o'6o 

■  !»• 

10° 

IV 

O'lO 

D-071 

OI.« 
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.£r^, 


^  (see  Bko  p.  80s).     2  (see  p.  804). 
c  =  ^L,  Es  ihe  velocity  of  the  ralve  eow«  in  fcet  per  seoond. 
IT,,  u  the  velocity  with  which  the  valve  cova  strikes  its  seat, 

C  =z  U.^.^,  is  the  velocity  of  the  pump  ptBtonin  feet  per  aeconi 

30 
Ci,  it  the  valve  of  C  at  the  instimt  when  cscp 
d,  is  the  diameter  of  the  valve  cover  io  feet. 
^,  is  the  diameler  of  the  orifice  in  Che  valve  seat  in  feet. 
E(»eepL  804). 
f  =  —tP,  it  tbe  uea  of  the  valve  cover  in  iquare  feet 

^  = —i^',  ii  the  area  of  the  orifice  in  the  valve  seat. 

F,  it  the  area  of  the  pump  ^Hslon  in  square  feet. 

4,  is  the  lift  in  feet  of  the  ndve  covet  above  itsseat 
imuj  is  the  maximmli  value  of  4. 
A,,  is  the  value  of  A  when  C=o. 

H  ~  f  ^ ,  U  the  head  lott  at  the  valve  in  feet 

i.  Is  the  number  ofnide  ribs  and  /  b  (he  thldncn  of  one  rib,  thm  l^rd-  it. 

^  is  the  nett  drcumference  of  the  cylinder  traced  oat  by  tbe  edge  of  the  valve  covei 

which  is  free  for  the  passage  of  water.     /=rdor  rd-it. 
If  (see  p.  8<M). 

m=r^.M,,  M,(»eep.  804). 

n,  a  the  number  of  revolutioas  the  pump  makes  per  minute. 
P,  is  tbe  load  on  the  valve  in  lbs. 
Q,  is  tbe  delivery  of  the  pump  in  cosecs. 
^  ig  the  stroke  of  the  pamp  m  feet 
II,  ii  the  velocity  of  the  walci  through  the  area  Ik  in  feet  pet  second. 

Bi,  b  tbe  velocity  of  the  water  through  the  area  /„  i.e.  v^  =  -^,  bat  *  is  not  equal  to 

..A.tep-Sos). 
■  (!=  p-  515% 
X(«ep.  80s). 

SUMMARY  OF  EQUATIONS 
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Valves. — It  may  at  first  sight  appear  that  the  treatment  of  this  subject  bf 
a  civil  engineer  is  somewhat  presumptuous.  My  excuse  is  that  the  oeccssity 
for  some  special  and  definite  knowledge  on  the  matter  has  been  forcibly 
brought  to  my  notice  by  failures  in  my  own  designs.  I  have  also  fbnnd  that 
the  troubles  which  occur  in  pumping  machinery  may  generally  be  attributed  to 
incorrect  proportioning  of  the  valves,  and  an  engineer  in  charge  of  pumps  in  a 
locality  which  is  far  distant  from  a  regular  workshop  oui  at  any  rate  assure 
himself  that  if  his  troubles  (exclusive  of  those  caused  by  neglect  or  careless 
repairs),  are  not  due  to  errors  in  valve  design,  it  is  extremely  improbaUe  thai 
his  mechanical  resources  will  be  sufficiently  extensive  to  pennit  any  remedy. 

I  believe  that  the  literature  on  the  subject  is  exclusively  of  German  origin, 
and  that  it  has  not  been  translated. 

Motion  of  a  Pump  Vain.— The  ideal  case  of  the  motion  of  a  valve  throogfa 
which  water  is  being  pumped  by  an  ordinary  piston  pump  can  be  investigated 
as  follows ; 

Let  F,  denote  the  area  of  the  pump  piston,  and  C=U  sin  ■-—',  its  velocity  at 
any  time  t. 

Let  _;;  be  the  area  of  the  cover  (or  moving  portion)  of  the  valve  ;  and  let 
h,  represent  the  height  of  the  cover  above  the  valve  seat ;  or,  for  shortness,  the 
height  of  the  valve  opening. 

Then  c=  ^,  is  the  velocity  of  the  valve  cover,  or,  for  shonness,  the  velocity 

of  the  valve. 

Let  /,  be  a  length  such  that  Ik,  represents  the  area  which  is  free  for  tfac 
passage  of  water  between  the  valve  cover  and  its  seat,  when  k,  is  the  heigbt  of 
the  valve.    That  is  to  say,  in  a  simple,  circular  valve  of  d  feet  diameter,  l^vd, 

9ib«rt/= — . 

Let  V,  be  the  velocity  of  the  water  through  the  spact  between  the  valve 
cover  and  its  seat,  so  that  Ikv,  represents  the  quantity  of  water  entering  the 
rising  main.    Then  plainly; 

FC  =lkv+/c 

where  /<;,  represents  a  volume  of  water  that  passes  through  the  orifice  in  the 
valve  seat,  but  does  not  at  once  get  through  the  valve  itself,  being  temporarily 
stored  up  underneath  the  valve  cover. 

Now,  C"U  sin-^,  where  »,  is  the  number  of  revolutions  of  the  pump  pei 
30 

minute  (2«=the  number  of  strokes  in  a  double  acting  pump),  and  ther^ore: 
irnt     dk\ 


»tereF-»i/    Thus,* _£E ^,i„(^  +  ;[) 
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where  Un  X=-^  -g.  as  is  easily  proved  by  substituting  the  values  in  the 
orighuti  equation. 

Lei  ■*,  denote  the  small  quantity  ^ 


M^en  /-a,  or  ^  (i>.  at  the  dead  points  of  the  piston  stroke),  h,  is  not  lero, 
but  has  a  cenain  value,  ho,  say,  and  : 

and  when /=-^,  ii  =  —A„  and  is  positive.  Thus  when  the  pisttm  arrives  at  its 
dead  point  the  delivery  valve  is  still  slightly  open,  while  the  suction  valve  (on 
the  other  »de  of  the  piston)  has  closed  a  little  before  this  instant. 

So  alai»,A=o,  when  -^+X^°i  or,  since  x  "s  a  small  angle,  we  cmj  put 

tan  X"**  w  that  *=o,  when  f=-i:- 

Thns,  (he  interval  between  the  arrival  of  the  piston  at  a  dead  point  and  the 
closure  of  the  vahe  is  Independent  of  the  rate  at  which  the  pump  runs,  and  of 
the  length  of  its  stroke.  This  has  been  experimentally  confirmed  by  Bach  (see 
Mati^,  Das  Pumpen  Venii/). 

The  velocity  with  which  the  valve  closes  down  on  its  seat  is  obtained  by 
putting: 

cosi l-x  1=1,       and  is  *:,=  — ~^-—^--  =  , 

The  simultaneous  velocity  of  the  piston  is : 

C, Usinx=^^^. 

Therefore,  e,=«C,=A— ,—  =  —  A>— ; , 
30  / 

Now,  put  S,  for  the  stroke  of  the  pump.    Then,  S = ~. 

'         nit 
™    „  FSir'w*  FS«»  0« 

Thus,  c=7— — j-=-0'oo55— ; — =0-0055-*^, 

where  Q=FS«,  is  the  delivery  through  the  valve  in  cubic  feet  per  second,  that 
is  to  say,  is  one  half  of  the  delivery  of  the  pump  in  the  case  of  a  double  acting 
pump. 

.  Consequently,  we  may  at  once  deduce  that  if  a  pump  with  a  stroke  equal 
to  S,  is  known  to  work  without  shock  at  n,  revolutions  per  minute,  when 
delivering  Q,  cusccs,  a  pump  with  valves  of  the  same  design  will  work  without 
shock,  provided  that  its^stroke,  speed,^and  delivery  are  such  that : 
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The  great  importance  of  the  velocity  v,  which  expresses  the  speed  (rf  the 
waier  through  the  valve  opening,  is  also  evident. 

The  above  theory  cannot  be  considered  as  complete.  Id  Many  cMtt  we 
should  take  into  account  the  acceleration  of  the  valve.  The  height  to  which 
the  valve  can  rise  is  frequently  limited. 

It  is  also  quite  certain  that  in  many  cases  (other  than  piston  pumps)  v,  is 
not  constant,  but  is  greatly  influenced  by  the  value  of  h.  Nevertheless,  it  is 
plain  that  if  we  merely  consider  the  motion  of  the  valve  just  hefttfe  its  closmt, 
we  can  assume  that  v,  is  constant ;  and  can  thus  deiennine  the  magnittide  of 
the  shock  produced  by  closure  of  (he  valve,  with  a  very  fair  degree  of  accuracy. 

It  will  be  seen  that  some  shock  must  occur,  sad  that  the  limit  ai  uliid)  the 
shock  becomes  detrimental  is  somewhat  a  matter  of  opinion. 

Lindner  {Ztsckr.  D.I.V^  Aug.  29,  1908)  states  that  c^  should  not  exceed 
0'33  foot  per  Mcand.  Berg  {Ztsekr.  D.I.  V.,  Aug.  6,  1904),  states  that  there  is 
no  "audible  shock,"  provided  that  h„  does  not  exceed  —,  in  a  circular  valve, 
the  diameter  of  the  valve  cover  being  d,  or  — —  in  the  case  of  an  annular  \-alve, 

where  B,  is  the  radial  breadth  of  tbe  valve  cover. 

This  mathematical  investigation  may  at  flist  sight  appear  to  be  somewhat 
artificial.  Berg  (»/  supra)  gives  several  graphic  cotr^iarisons  betweeo  die  path 
of  a  valve  cover  as  actually  observed,  and  as  calculated  by  this  theory.  The 
agreement  is  satisfactory,  more  especially  daring  the  iaterval  just  bcfcra  Ae 
closure  of  the  valve.  When  ^plying  the  theory  to  practical  problems  the 
difficulties  which  arise  are  mainly  caused  by  the  iacX  that  the  experimeDts  were 
not  well  adapted  to  discover  what  are  the  conditions  under  which  tbe  shock  al 
closure  proves  detrimental.  Berg,  Bach,  and  Westpbal,  all  appear  to  concodei 
t^t  tbe  valve  works  satisfactorily,  provided  that  it  does  cot  give  rise  to  an 
audible  sound  when  closing.  If  a  metal  valve  "  sounds,"  it  will  rapidly  become 
leaky,  but  valve  covers  made  of  leather  or  rubber  may  work  well  under  circum- 
stances which  would  cause  a  metal  valve  to  sound. 

Thus  the  above  opinions  are  only  approximations,  for  the  harm  done  by 
the  shock  depends  upon  the  total  energy  of  the  moving  water  at  Ac  instant 
of  closure.  At  this  moment  the  piston  is  moving  with  a  velocity  equal  to  C, ; 
and  the  valve  being  closed,  the  water  in  any  passage  in  communication  with 
the  piston  is  moving  with  a  velocity  equal  to  (^  where  £'pF,=C,F,  the  area 
of  the  passage  being  Fp.  If  Ip,  be  the  length  of  this  passage,  the  mass  of 
water  moving  with  a  velocity  (>  is  — -^  Fp/|i=M„  say., 

Thus,  the  total  energy  is  iMp*^'  +— ^=E,  say. 

Or  E"— ^C,»F»si^+M5^,  „here  M„  is  the  mass  of  tbe  valve,  ud  the 
2g  rp        2 

summation  is  extended  over  all  the  water  which  is  not  separated  Grom  the 
piston  by  a  closed  valve,  or  by  an  air  chamber. 

Thus,  if  the  pressure  valve  is  considered,  wa  must  take  into  account  all 
the  water  in  the  cylinder,  on  the  valve  side  of  the  piston,  and  also  the  water 
in  the  suction  main  dawn  to  the  foot  valve,  unless  there  is  an  air  vessel  on  the 
suction  main,  in  which  case  we  have  only  to  consider  the  portion  of  the  main 
between  the  cylinder  and  the  air  chamber, 
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■  Tke  Vmlue  tf  v. — Tte  vahie  of  it,  has  been  sliowit  to  be  of  primal  ini' 
portaoce  in  this  connection,  whatever  o^Hnion  may  be  adopted  as  to  the  preciM 
conditions  for  avoiding  detriinenta]  shock. 

Bach  {Versvche  ubtr  VentiltelasHgvng  und  VtnlitviidersUMd,  and  other 
papers,  a  complete  list  of  which' is  given  in  Hutte,  vol.  i,^.  884}  states  as  follows  : 

Let  P,  be  the  load  on  the  valve  in  lbs.  including  its  own  weight,  and  any 
spring,  or  other  mechanically  produced  loading. 

fx= — —  is  the  area  of  the  opening  in  the  seat  of  the  valve  (not  the  valve 
cover),  in  square  feet. 

Wi,  is  the  velocity  of  the  water  through  the  area /i,  i.e.  W]/,=«ffi+/c=FC. 
Let  ^"—-*  be  the  breadth  of  the  valve  seat. 

TkalMad  lost  in  the  motion  through  the  valve,  is  given  by  M.^i~^. 
(a)  Then,  for  valves  without  guiding  ribs,  ia  in  which  l—vd: 


P-6r5/.^{x+(|,)-}. 


{fiy  If  the  valve  has  i  guide  ribs,  of  a  thickness  represented  by  s,  so  that 

The  values  of  X  and  ^  are  variable. 

L  For  flat  valves  with  no  ribs  (see  Sketch  No.  237,  F'^.  i); 
Casff  (a),  with : 

6,  lying  between  oriodi,  and  o^i;^,, 
and  h,  lying  between  o'lod-i,  and  o'351/j. 

X=2-S+i9^°^l^,     M-=o'6o  to  0-62; 

<««+3(^".y,     where  «=oss+4'-=|^. 
3=o'i6  too-is, 
the  fitst  values  of  ft  and  fi  occurring  when  b,  is  large. 

ll;.f  w  flat  valves  with  ribs  (see  Fig.  No.  2) : 
Case  {6) : 
'  X  asd  ^  are  id  per  cent,  lees  than  in  Case  (a), 

a  is  I '8  to  2'6  limes  the  yalue  of  •  in  Case  (a),  and 
^=17010  17s. 

III.  For  conical  edged  valves,  with  *=oirfi,  A=o-n/,  to  o'lSii'i  (see  Fig. 
No.  3),  as  in  Case  {a) : 

Xtn-fos,       ;iKO-89. 

f-a+0(5)  +  y(f)'i       «  =  ^6o,        3=-o-8,        y=oi4. 
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IV.  For  valves  with  a  conical  bottom   and    with    conical    seat.     With 
A~o*i2;</|  to  o'sgrf,  (see  Fig.  No.  4),  as  in  Case  {«) : 

X=o-38,        f.=o-68. 

C=a+;S  (^'y :         <i=o-6o,         3-015. 

V.  For  valves  with  a  spherical  bottom  and  conical  seat.    With 
k=cf\d^  to  o-zsrf,  (see  Fig.  No.  s),  as  in  Case  (a)  : 

X=o-96,        f.=  ri5- 

0=370,        j3=  -o'8o,        T=o*i4. 
The  values  given  above  cannot  be  considered  as  universally  applicable. 
With  one  exception  they  were  all  obtained  from  valves  of  the  dimensions 


Sketch  No.  337.— Pomp  Vtlvcf. 

shown  in  Sketch  No.  237,  and  apparently  not  more  than  one  valve  of  each 
type  was  experimented  on. 

It  will  also  be  observed  that  the  equations  given  refer  to  cases  when  the 
valve  is  fairly  wide  open.    Bach  {Ztsckr.  D.I.V.,  May  15,  1886)  has  given 


equations  for  P,  and  f  for  two  valves  of  Type  1.  which  hold  from  ^= 
Berg  («/  st^rd)  stales  for  flat  valves  (Type  I.)  that : 


-,toA= 


50 


and  tabulates  e  as  follows,  when  if=6o  mm. 


K    o-6s    071    078    0-845    0-89    0-91 1     0-913    0-902    0870 
For  larger  values  of^,  the  equations  already  given  apply. 
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It  is  probable  that  these  valties  apply  equally  well  to  all  valves  except 
perhaps  those  included  in  Type  11. 

The  load  P,  is  usually  produced  by  a  spring.  Putting  P=w+S,  where  iw, 
is  the  weight  in  water  of  the  moving  portions  of  the  valve,  and  S,  is  the  spring 
load,  S,  can  be  calculated  as  follows  (see  Uowin,  Machine  Design,  p.  99) : 

Inch  Unit!  are  uMd. — Let  r,  be  the  radius  in  inches  of  the  cylinder  on  which 
the  axis  of  the  wire  forming  the  spiral  spring  lies.  Let  </,  be  the  diameter  of 
the  wire  in  inches,  and  «,  the  number  of  turns  in  the  spiral  spring. 

Then,  for  steel  wire,  less  than  |  of  an  inch  in  diameter,  a  toad  of  5  pomids 
shortens  the  spring  by  i  inches,  and : 

»-r4S^ [■"'"1 

S,  must  not  exceed  — lbs. [Inches] 

The  general  equations  are  : 

»-^ [Inctol 

where  C,  is  the  coefficient  of  rigidity  of  the  wire,  and  ; 
S,  should  not  exceed-^'v^  lbs. [Inche»] 

where y^  is  the  permissible  shearing  stress  in  lbs.  per  square  inch. 

The  calculation  of  v,  is  now  Obvious.  We  calculate  the  value  of  I'l,  from 
the  known  value  of  P,  and  by  substitution  arrive  at  the  value  of  v.  Since  we 
are  mostly  concerned  with  a  valve  which  is  very  nearly  closed,  we  can,  for  a 
first  approximation,  consider  P,  as  the  load  corresponding  to  a  closed  valve 
(i-r.  when  P,  is  produced  by  a  spring,  the  spring  is  extended  as  far  as  the  valve 
seating  permits).  So  also,  if  we  think  that  it  is  desirable  to  take  into  account 
the  acceleration  of  the  valve,  we  can  consider  that  P,  is  decr^sed  by  a 
termM',^. 

These  figures  are  also  useful  when  we  are  dealing  witb  the  valves  of  a 
bydnwlic  ram.     Here    P,  is  given,  and  also   H»(— sA,,  in  the  original 

investigation  (see  p.  845).  Consequently,  we  can  calculate  vj,  and  so 
determine  k,  the  opening  of  the  valve.  In  practice,  the  question  is  best 
investigated  by  tabulating  P,  in  tenns  of  h,  and  Ai,  or  i-^,  m  terms  of  V|,  and 
then  selecting  the  correct  values. 
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CHAPTER  XIV.— (Section  B) 
WATER  HAMMER 

Watex.  Hauhbr, — Picssure  produced  b^  a  change  in  the  velocity  of  water  io&jnpe — 

Effect  of  (he  time  occupied  in  producing  the  change — Corrections  for  the  elasljcil]'  of 

the  pipe  metal — Practical  rales — Comparison  with  observation. 
Gradual  Stoppacb  qf  Motion  in  a   Pipb. — Gibson's  investigation — Criticisiti — 

General  laveitiKation. 
Reaoiuuice. — Period  of  valve  dosure — Period  of  the  pressure  waves  in  the  main — 

PHAtrriCAL  Applications — Values  of  jjj  and  ij. 


A,  is  the  Breach  the  ^pe, 
a,  is  the  area  of  the  vena 
a,  (see  p.  814). 

C^—j=,  is  the  coefficient  of  skio  friction  for  the  pipe. 


h,  is  the  head  producinE  motion  throuith  the  valve. 

K(seep.  Sll). 

;,  is  the  let^th  of  the  pipe,  in  feet. 

/,(seep.  8js). 

A,  is  the  pcessBie  near  the  votve  when  the  motion  of  the  water  is  uniform,  t 

velociq"  is  p,,  feet  per  second. 
pu  is  <h(  maximnm  imtMUive  prenure. 
fm,  is  the  mean  value  of  the  impulsive  pressure. 

fi,,  is  the  statical  pressure,  i.t.  the  head  H,  expressed  in  pounds  per  square  inch. 
Tlie/'s,  are  all  neanred  in  pounds  per  sqi«re  inch. 
2  (see  p.  8is). 
Q(seep.  81S). 

/,  is  the  symbol  for  time  b  genenl. 
fi  (see  p.  Sti). 

T=^org(seep.8.o). 

T,{s«ep.8i4). 

u,  u  the  thickness  of  the  ppe  walls,  in  inches. 

I'j,  is  the  initial  velocity  of  the  water.  Id  feet  per  second. 

f^  is  the  final  velocity  of  the  water  in  the  pipe,  in  feet  per  second. 

Lv  (see  p.  816). 

17  (see  p.  816). 

X,  and  X,  (see  p.  811). 

ri^,  represents  the  hea  ' 
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WATER  HAMMER 
SUMHAKV  OF  EQUATIONS 
(d,  -  Vj)  lbs.  per  sqiMTC  incb. 
("i-wJ+A-Zs  ••>■■  per  »qn»re  inch. 


4700  ^"^"^ ''*'' P*  *"*■ 
A=^3'44*'i~*^+>i~All>S>  p«r  a<pi«r«  incb  mazimam  lalue. 
Corrected  Tot  alteration  in  wave  velocity  produced  by  pipe  thickness : 
/i,=6o{»,-Pa)+A-;*afo"™"p!l«s\  «».  oer  MUKe  tach. 

Kb)   /.=oit/.bBrealerthan°:^^^>. 


Water  Hammer. — When  the  motion  of  water  in  a  pipe  is  alteted  in  any 
way,  the  change  in  the  velocity  of  flow  is  attended  by  a  certain  alteration  in  the 
momentum  of  the  whole  mass  of  water  in  the  pipe.  This  can  only  be  effected 
by  a  definite  force. 

Let  /,  be  the  length  of  the  pipe  in  feet,  and  A  be  the  area  of  its  cross- 
section  in  square  feet.    The  mass  of  waterin  the  pipe  is  expressed  by  ; 
6i;sM. 
g 
and  if  »!,  be  the  velocity  of  the  water,  in  feet  per  second,  the  momentum  is  :' 

g 
If  the  velocity  be  reduced  to  t',,  in  a  period  of  /,  seconds,,  the  mte  of  change 
in  momentum  is  : 

63-5M.^. 


and  the  force  required  to  produoa  diis  rate  of  change  is  : 

Thus  pmi,  the  mean  impulsive  pressure  required  to  produce  the  change  in 
velocity  is  given  by : 
I44A;S,=F 
OTiAi^; — JjC'^i— T'»)  lbs.  per  square  Inch. 

Now,  let  P\,  be  the  pressure  in  pounds  per  square  incb,  measured  at  the 
valve,  the  closure  of  which  pfoduccs  the  alteration  in  velocity,  whsff  the  velocity 
is  V],  and  is  unifomi. 

Let  Pi,  be  the  similar  pressure  when  the  velocity  is  k,,  and  is  uniform. 
Then,  approximately /i=/,— ft/,',  and /j^^.-^KV,',  where  jS„  is  the  statical 
pressure. 

Sketch  No.  338  shows  the  general  coufse  of  events  during  the  time  that 
elapses  while  the  uniform  velocity  Wj,  is  changed  to  the  uniform  velocity  Wj. 
The  diagram  indicates  that  the  change  in  the  pressure  from/i,  vapt,  does  not 
proceed  uniformly,  but  that  the  value  of  the  pressure  oscillates  backwards  and 
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forwards,  and  only  attains  a  steady  value  equal  tojfa,  after  a  certain  time  has 
elapsed.  The  maximum  impulsive  pressure  generated  by  the  alteration  of 
velocity  is  given  by  pi-Vp\—pi,  and  eitperiment  shows  that  ihis  is  very 
approximately  equal  to  ip^. 

We  therefore  denote  this  maximum  impulsive  pressure  by  A  ^^^  '''*d  ^^^^  '■ 


Pi^^P^-^Px- 


— ^(f,— Vi)+/i— /j    Ibt.  per  •qnare  inch 

represents  the  maximum  pressure  tending  to  rupture  or  otherwise  damage  the  pipe. 

It  will  be  plain  that  the  equation  could  be  obtained  by  assuming  that  the 
relation  between  pressure  and  time  is  of  an  approximately  triangular  shape,  as 
shown  in  Sketch  No.  238.  If  the  matter  is  thus  regarded,  the  experimental 
results  merely  indicate  that  the  minor  waves  in  the  time  and  pressure  diagram 
do  not  materially  aiTect  the  maximum  value  of  the  pressure. 

So  far  we  have  implicitly  assumed  that  water  is  incompressible,  so  that  the 
velocity  of  the  whole  volume  of  /A,  cube  feet  of  water  is  changed  from  v^  to  v^^ 
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Sketch  No.  338.— Impa^ve  Pressure  in  >  Pipe. 

in  the  interval  /.  This  is  not  the  case,  and  die  diagram  of  pressures  already 
referred  to  shows  that  the  pressure  jumps  up  and  down  much  as  a  weight 
hung  on  a  spring  would  do.  Mathematical  investigations,  which  have  been 
confirmed  experimentally,  show  that  if  /,  be. less  than  a  certain  ^-alue,  T, 
the  pressure  does  not  increase  beyond  the  value  given  by  putting  /=T,  in 
the  above  equation.    The  value  of  T,  can  be  calculated  from  the  equation 

T='i-  where  X  is  the  velocity  with  which  a  wave  of  compression  travels  in  the 
water  and  the  pipe.    We  thus  have  two  cases  to  consider  : 

(i)  Where /,  is  less  than -r-    Put /e-t-'"  t^*T'^i''*"'°'^<i  ^^^  we  get  t 


(ii)  Where  /,  is  greater  than  r- : 

^,=0-027  y  {vi  -v,)+pi-pt. 
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The  dbtinction  between  tbe  two  cases  is  at  first  sight  somewbat  artificial. 

Its  physical  basis  is  best  realised  by  considering  that  if  /,  be  less  than  -j-  the 

whole  change  of  velocity  near  the  valve  is  com|deted  before  the  wave  of  com- 
pression can  travel  up  to  and  return  from  the  upper  end  of  the  pipe.  Thus,  the 
momentum  of  the  water  at  and  near  to  the  upper  end  of  ihe  pipe  cannot  be 
transmitted  with  sufficient  rapidity  to  produce  an  effect  in  increasing  pt,  and 
what  really  happens  is  that  the  value  pt,  is  attained  not  for  one  instant  only,  as 
is  shown  in  Sketch  No.  238,  but  for  a  certain  space  of  time  as  is  indicated  in  the 
inset  to  the  Sketch.  The  real  basis  of  the  theory  is  the  fact  that  it  can  be 
experimentally  confirmed. 

Considering  the  first  case,  we  have  as  follows : 

Theoreticidly  X  is  equal  to  the  vdocity  of  sound  in  water,  and  is  equal  to 
aboot  4700  feet  per  second.    Thus : 

Pi = 63*4(i'i — w,)  +jSi  —Px    Ibt.  per  square  inch. 


'W^-h&^ 


1?  -t- 


\   ^     jM<7/*triww 

Sketch  No.  339.— Gradual  Change  of  Velocity  In  a  Pipe. 

'  In  actual  practice,  we  must  take  into  account  the  fact  that  not  voly  is  water 
compressible,  but  that  the  metal  of  which  the  pipe  is  composed  is  extensible. 
This  fact  somewhat  reduces  the  value  of  X. 

Let  K,  be  the  bulk  modulus  of  water,  =300,000  lbs.  per  square  inch. 

Let  E,  be  Young's  modulus  for  the  metal  of  which  the  pipe  is  made,  i^. 
E=3o,oao,ocx)  lbs.  per  square  inch  for  steel,  and  E  =  15,000,000  lbs.  per  square 
inch  for  cast  iron. 

Let  R,  be  the  mean  radius  of  the  walls  of  Ihe  pipe,  and  'i,  their  thickness  in 
Inches.    Then : 

(i)  tf  the  {Mpe  is  fixed  so  that  it  can  only  expand  circumferentially,  the 
effective  value  (tf  X,  say  Xr,  is  : 

)L= — i ^=— -j=^-  -  —  for  steel, 


v''*^ 
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^jTfavy^wcm  expand  b<^k)iiffitBdiuH]r  and  dKamtonanttjr: 


The  first  case  is  that  whicli  most  closely  resembles  the  conditions' which  arc 
usually  met  with  in  practice. 

The  experimental  verification  of  these  formute  has  been  effected  by 
Joukowsky,  Gibson,  and  others.  When  the  value  of  by^v^—v^  does  not 
greatly  exceed  120  to  i^o  lbs.  per  square  inch,  or  Vi^v^  does  not  gtvatLy 
exceed  3,  10  i'$  feet  per  second,  it  is  found  that  the  calculated  values  of  pt, 
corrected  for  the  difference  between  X  and  X„  agree  very  exaaly  with  the 
observed  values.  When,  however,  this  value  is  exceeded  it  is  found  that  the 
observed  pressures  are  considerably  less  than  those  calculated  as  above.  The 
dilference  is  explained  by  the  yielding  of  the  joints  in  the  pipes,  and  if 
necessary  tut  allowance  could  be  made  by  taking  a  smaller  value  for  £,  as  fii, 
increases. 

The  formula  may  therefore  be  regarded  as  giving  good  approximate  results 
in  all  cases,  and  as  indicating  yalues  which  are  somewhat  higher  than  the 
truth  when  the  impulsive  pressuKs  are  lai^e. 

For  a  ^ven  alteration  in  velocity  the  shock  is  usually  smaller  in  the  case  of 
large  pipes  than  in  those  of  less  diameter.  For  preliminary  calcnlatiom-  tbe 
following  fonnulfe  may  be  used: 

*  /( = 60(1-1  -  ^t)  +A  ~fit    in  *"nall  pipes. 
A=So('^i-*i)+/i-A    in  large  pipes. 

The  following  figures  show  Joukowsky's  observations  {Sicss  in  W<user~ 
UituHgsrohrtn)  on  pipes  4  and  6  htches  in  diameter,  with  l=\oyi  feet,  and 

1066  fce^  sad  A=o-03  seconds.     Consequently,  /,  is  less  thm  ^*    The  cHlcul- 

ated  values  are  obtained  from  the  formuin: : 


/i=637f,  corresponding  to  inextensible  [ripes  ; 
and^i=  56'6v,  corresponding  to  a  cast  iron  pipe,  with 
-^=8,     and  £=15,000,000  lbs.  per  square  intib, 

where  v,  now  represents  the  change  in  velocity,  and  in  this  patticular  case  the 
valv6  being  entirely  closed  : 


The  second  case  presents  bot  few  difHculties,  and  it  is  sufficient  to  observe 
that^i— o,  or  that  there  is  no  shock  provided  that : 


/,  is  equal  to,  or  greater  than 
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CXADVAL  CtOSVKE 
FOUR-INCH  PIPE. 


•■S 


V,  in  Feet 
peiSecQCHl. 

4"' 
9-a 

ft  »!?""<' 
m  LU.  per 
Square  Inch. 

3^ 
"S 
xfA 

519 

A  ..kulnl^l. 
A=637  0 
in  Lbs.  per 

S<)u«eln<:h. 

,83 
t     ■ 

From  (he  FonwU 
in  Lbs.  per  Sqliare 

iDCh. 

a  79 
io6*o 

l62"0 

aaS-o 
512-0 

SIX-IMCH  PIPE. 

0-6 

I '9 

7-S 

■73 
369 
426 

38 
118 
189 
3S3 
47* 

33-5 
io6'o 
167-0 
3"-9 
4»9-o 

Gradual  Stoppage  of  Motion  in  a  /"//■£.— Thw  problem  is  extremely 
complex.  The  piiDCtples  of  the  following  investigation  are  due  to  Obtm* 
{ffydraulia  and  its  Afplicatitmi).  The  results  agree  very  fairly  with  experi- 
ment, and  the  theory  may  therefore  be  conatdered  w  correct,  fer  ^ipM  of 
small  diameter  at  any  rate. 

A  conndCTalian  of  the  lenni  wMch  are  neglected  m  tbe  iwrestigfUion  hai 
led  me  to  believe  that  the  theory  may  not  hold  for  lat^  P<P«a>  and  I  shall 
therefore  discuss  a  more  exact  theory  later  on.  I  have  not,  liowcver,  been  able 
to  discover  any  case  where  Gibson's  theory  does  not  a^ee  very  f^rly  well  willi 
CKperinuat,  and  tbe  accurate  theory  may  therefore  be  regarded  merelT  as  a 
subject  for  investigation  in  cases  where  Gibson's  theory  does  not  entirely  agree 
with  the  results  which  are  experimentally  obtained. 

Referring  to  the  theory  already  laid  down,  we  find  that  the  important  instant 

of  time  is  ^i  seconds  before  the  vdve  closes  down  on  its  seat 

Let  Vt,  be  the  velocity  of  water  in  the  pipe  close  to  the  valve  at  this  moment 

Then,  since  X  is  the  rate  at  which  a  wave  of  compression  travels  along  fte 
pi|^  the  velocity  «t  tbe  upper  ead  of  the  pipe  is : 

and  the  mean  velocity  of  the  whole  body  of  water  in  the  pipe  is  ; 


n+ 
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This  velocity  is  reduced  to  o,  in  a  time  p  and  also  at  the  instant  considered 
the  water  is  being  retarded  at  a  rate  represented  by  (^)  .  Thus,  tt  is  neces- 
sary to  apply  the  results  of  the  two  cases  which  have  been  previously  discussed 
and  the  pressure  produced  by  the  closure  is  : 

where /),  is.  the  pressure  corresponding  to  uniform  velocity  Vi,  and ^  is  the 
pressure  when  the  valve  is  shut,  and  the  water  is  at  rest  (i.e./j  ^  p^. 

The  determination  of  v,,  and  \-],}    is  effected  by  Gibson  as  follows  : 

Let  H,  be  the  total  head  in  feet  causing  motion  through  the  pipe,  i>.  the 
head  corresponding  to  the  pressure^,  "/i- 

Then,  \(f,  be  the  diameter  of  the  pipe,  and  A,  be  the  portion  of  H,  expeoded 
in  forcing  the  water  through  the  vaive,  then ; 

where  v  °>  CV^  is  the  friction  equation  of  the  pipe-  Also,  if  d,  be  the  area 
of  the  vena  contracta  of  the  jet  issuing  from  the  valve,  and  v^  the  velocity  c£ 
the  jet  at  this  point,  then : 

iw,  =  -^v  =  Av,  say, 

.•n,»,H-.^(^^,) -"■■»!'■ 

Now,  Gibsoo  assumes  that  the  valve  closes  so  that  <>"—->  wbex  t,  is  the 
time  before  the  complete  closure  of  the  valve,  and  Tg,  is  the  time  before  closure 
when  a,  was  equal  to  A,  assuming  that  the  valve  was  closed  uniformly. 

Thus,  pnttiDg  ax  ^  ^-~,',  so  that  si,  is  the  area  of  the  vena  contracta  at  a 
time  I;  before  the  complete  closure  of  the  valve,  we  get : 

,'"     rt  '         /rfw\  _  VH A* 

*-!=     /  4/^  A*  '  Vrf/A     1+/ .   A"  y*  ^i?T: 

From  these  values  j»i,  and^t,  can  be  calculated. 

The  theoretical  difficulties  arc  obvious,  and  GibsoD  has  since  (see  Wsier 
Hammer  in  Pipes)  treated  the  problem  by  a  different  method-  In  particolar, 
the  value  for  (  .: )  ,  is  plainly  obtained  in  a  somewhat  peculiar  manner,  and 
the  equation : 

might  be  employed  with  advantage. 

Nevertheless,  the  results  calculated  by  Gibson's  method  agree  very  well  with 
observation,  and  the  discrepancies  which  occur  when  the  pressure  is  large  are 
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probably  amply  explained  by  yielding  of  the  Icjid  joints  of  the  pipes,  as  has 
been  previously  mentioned. 

The  experiments  refer  to  pipes  3*6  inches  in  diameter,  and  a  careful 
examination  of  the  theory  leads  me  to  doubt  if  it  will  be  found  equally  accurate 
when  applied  to  larger  pipes.  The  general  investigation  now  given  renders  it 
likely  that  Gibsoo's  equation  does  not  lead  to  results  i^ich  are  less  ibiui  the 
truth,  unless  the  motion  of  the  valve  is  purposely  adjusted  so  as  to  produce 
resonance  effects.  I  therefore  believe  that  Gibson's  method  is  valuable,  for  if 
Hs  application  shows  that  the  calculated  pressures  do  not  exceed  values  which 
the  pipes  can  sustain,  we  are  entitled  to  consider  that  failure  by  shock  is 
improbable. 

General  luvcatigatioii. — Consider  Sketch  No.  239.  We  see  that  if  the 
velocity  is  altered  by  an  amount  represented  by  dv,  waves  of  compression  and 
rarefication  are  set  up  in  the  water,  and  in  the  metal  of  the  pipe.    The  observed 

values  of  the  pressure  can  be  represented  by  f  k  - — t-dv^j)  lbs.  per  square 
inch,  where  r  represents  the  time  reckoned  from  the  moment  when  the  valve 
was  first  moved,  i.€.  the  point  A,  and  q,  is  measured  from  the  dotted  line,  which 
shows  the  value  of  the  pressure  when  the  oscillations  have  completely  died 
out.  Now,  putting  X  for  the  effective  velocity  of  these  waves  (»'.*,  their  velocity 
when  corrected  for  the  elasticity  of  the  pipe),  theoretically  if  /,  be  the  length 
of  the  pipe,  and  l^,  be  the  distance  of  the  point  considered  from  the  upper  end 
of  the  pipe,  we  have: 

Where,  measuring  from  the  line  DG,  oj  p-=pt' 
^^  dv      <I>(t)=  -fit+pi,  so  long  as  T  is  less  than  -^ 

h£±£i 


^  (r)  .■      I,  when  .  lies  between  - 
*(r)-     o,  „  „  - 


±± 


*W-     o,         „  „        3^    „   iti 

and  thereafter  the  last  four  values  of  ^  (r)  repeat  with  a  period  of  ^. 

The  observed  values  do  not  agree  with  the  theoretical  ones,  as  is  evident 
from  Sketch  No.  239,  and  we  get  the  wavy  curves  AiBiC]D]Ei  ...  in  place  of 
the  crenellated  diagrams  ABCDE  .  ,  .  The  difference  is  possibly  largely 
explained  by  defects  in  the  indicating  apparatus,  and  as  the  diagrams  given 
in  Sketch  No.  239  were  taken  from  a  inpe  which  was  only  four  inches  in 
diameter,  where  friction  has  a  relatively  large  influence,  it  is  possible  that 
good  diagrams  from  say  a  4-foot  pipe  would  resemble  the  theoretical  curve  far 
more  closely. 

Putting  this  aside  for  the  moment,  it  is  plain  that  the  total  impulsive 
pressure  produced  at  any  time  /,  by  a  continuous  movement  of  the  valve,  is 
given  by  the  equation  : 

Q.5ii.  /7(§)   *(,-«*-/,), 
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where  t,  is  reckoned  from  the  commencement  of  the  motion  of  the  valie 

and  i^)^  is    the  value    of  (~J,    when    /-A,  and  *(i-/i>  or  ^r>  i*  a 

function  alt,  /and  /j  of  the  character  shown. 

This  equation  is  almost  useless.  But  let  us  suppose  that  we  have 
experimentally  obtained  a  diagram  of  the  type  shown  in  Sketch  No.  239,  and 
let  this  diagram  be  reduced  so  as  to  correspond  to  dv=i  foot  per  second. 
Then  if: 

The  areaofthehump  AiBiCiDi-i]i. 

The  area  of  the  hump  DiE,FiGi  —17,,  where  71  is  negative. 

The  area  of  the  third  bump         =iii,  and  so  on. 

Then  theoretically  : 

If  ^-=/,  If /i  is  not  equal  to  4 

-a/       _  2/,       . 

i)j=-j— =  — T  1),= — j^.  and  soon. 

Now,  let  Awi,  represent  the  change  in  »,  during  the  interval 

,„,o,.T.|i 

Let  Av,,  represent  the  change  in  v,  during  the  interval 

/-Tto/-3T-.^. 

Let  aw,,  represent  the  change  in  w,  during  the  interval 
/-.(«-i)Tto/-»»T. 

Then,  when  t^nT,  we  have  approximately  : 

Q=i)iai'»+ij^w»_,+.(,a*_,+etc.  +7,iAv,. 

The  form  lends  itself  to  solution  by  the  method  of  arithmetical  integration. 
Starting  at  t^T  with  uniform  velocity  fi,  we  can  ascertain  Af,  by  considering 
that  the  total  available  head  H,  is  consumed  as  follows  : 

(i)  In  the  friction  head  required  to  maintain  a  velocity  equal  to  v^  ~\a,Vi. 

(ii)  In  the  head  required  to  produce  a  discharge  equal  to  A{i'i— )Ai',l 
through  the  variable  opening  formed  by  the  valve. 

(iii)  Id  accelerating  the  velocity  from  Vi,  to  v-^—^v^  in  the  time  T.  This 
of  course  in  the  usual  case  of  a  dosing  valve  has  a  negative  sign. 

The  mathematical  aspect  of  the  question  is  fiilly  treated  under  the  head  of 
Water  Towers,  and  in  actual  practice  I,  haye  found  that  it  is  simplest  to  use  the 
two  following  equations  : 

(a)  H-Q=The  (noion  head+The  retardation  head. 
(6)  Q—The  head  producing  discharge  through  the  valve. 

The  experimental  difficulties  are  very  great.  The  time  and  pressure 
diagrams  are  not  easily  obtained,  and  are  probably  affected  by  instrumental 
errors  in  very  much  the  same  manner  as  indicator  diagrams  of  gas  engines.  I 
should  not  therefore  have  considered  that  this  discussion  (which  is  defecti^'c 
in  many  ways)  was  worth  the  space  it  occupies  were  it  not  that  it  enables  the 
principles  atFecting  "  resonance  "  to  be  intelligibly  dealt  with. 

Resonance. — It  will  be  obvious  that  while  q,,  ij^,  etc.  are  positive,  ^g,  q^,  etc 
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are  negative.  If  therefore  for  any  reason  (^v)n\,  {Av\r-t,  etc.  are  equal 
to  o^  or  arc  small  in  comparison  with  the  terms  {&v)k,  (Av)*^,  etc.  the  value  ol 
Q,  may  become  very  large.  Thus,  any  method  of  valve  closure  which  is  likely 
to  produce  such  results  is  extremely  prejudicial.  As  examples,  let  us  assume 
that  T'^o'S  second,  and  that  the  valve  is  closed  by  a  tnachice  running  at  120, 
or  60  revolutions  per  minute.  It  is  obviously  possible  for  the  machine  to  fall 
into  step  with  the  pressure  oscillations  of  the  water  (which  must  be  carefully 
distinguished  from  the  far  slower  visible  oscillations  which  the  whole  man  of 
water  in  the  pipes  performs,  and  which  produce  surges  in  the  surface  of  the 
water  in  any  vessel  which  is  in  communication  with  the  pipe),  and  thus  pro- 
duce abnormal  pressures.  A  similar  acliou  may  occur  if  the  natural  period  of 
the  governor  which  regulates  the  admission  of  water  to  a  turliine  is  a  small 
multiple  of  T.  The  matter  cannot  be  reduced  to  calculation,  as  the  pres- 
sures induced  are  so  great  that  safety  is  generally  secured  by  the  machinery 
being  forcibly  put  out  of  step.  But  for  this  very  reason,  the  effects  (when  they 
do  occur)  are  far  reaching.  Thus,  a  pumping  engine  which  naturally  ran  at  or 
near  to  a  prejudicial  rate  would  probably  be  forced  to  run  at  a  slightly  different 
period,  although  cases  have  occurred  where  the  pipes  were  damaged  bcfors 
the  period  was  changed.  A  far  smaller  machine,  however,  which  worked  on 
B  baliHiced  valve  would  not  be  materially  affected  by  the  induced  pressures, 
and  there  is  little  doubt  that  a  machine  thus  situated  could  be  designed  which 
would  infallibly  break  any  long  pipe  carrying  water  at  sufficient  velocity,  when 
adjusted  so  as  to  dose  down  the  valve  in  the  appropriate  manner. 

The  question  has  not  as  yet  become  acute,  although  most  hydraulic 
engineers  have  experienced  "inexplicable  fractures,"  and  are  well  aware  that 
a  repetition  of  these  fractures  is  iilcely  unless  some  small  and  apparently 
unimportant  modification  is  introduced  when  the  break  is  repaired. 

Designers  of  turbine  governors  are,  however,  fairly  well  aware  that  the 
relation  between  the  period  of  the  governing  machinery  and  the  length  of  the 
main  conveying  water  to  the  turbines  requires  consideration  ;  and  in  thesU 
cases  the  question  is  likely  to  become  more  acute  when  the  deflecting  nozzle 
(see  p.  939)  is  abandoned  in  favour  of  regulators  which  do  not  secure  safety 
by  wasting  water.  Indeed,  I  have  been  privately  informed  by  several 
engineers  that  trouble  has  already  been  experienced  in  certain  cases,  and 
regret  that  owing  to  the  difficulties  which  attend  accurate  observation  none  of 
these  gentlemen  were  able  to  furnish  numerical  data  which  would  permit  the 
matter  to  be  theoretically  tested.  In  one  case,  however,  I  am  fairly  certain 
that  resonance  was  produced  by  the  coincidence  of  the  period  of  a  three-phase 
alternator  with  that  of  the  pressure  main. 

Practical  Applications.— At  present  we  are  without  any  definite  in- 
formation for  large  pipes,  but  it  may  be  inferred  that  the  larger  the  pipe,  the 
less  rapidly  the  values  of  >)  decrease. 

It  would  therefore  appear  that  very  fiur  results  will  be  obtained  in  small 
pipes  by  considering  only  the  first  term.  In  the  case  of  larger  pipes  diagrams 
of  a  simple  alteration,  Vc,  to  f),  say,  must  be  taken  and  studied. 

When  investigating  a  question  of  this  character,  which  related  to  a  pipe  \i 

inches  in  diameter,  1  was  led  to  take  the  following  as  values  of  the  ratio  q  : 
for  i        ^1  =  o-g  7)  =  -o'S  173  =  07 
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I  do  not  pretend  that  these  values  have  any  pretensions  to  accuracy.  Tbey 
appeared  reasonable  when  compared  with  the  best  procurable  diagram,  and 
the  results  obtained  permitted  me  to  discover  that  a  small  fracture  which  had 
occurred,  was  probably  not  due  to  resonance,  but  to  an  accidental  stoppage 
in  a  branch  main. 

Trial  being  made  after  the  obstruction  had  been  removed,  the  fracture  was 
not  repeated. 

The  values  of  i;t,  ijg,  etc.,  depend  upon  the  reflection  of  the  wave  at  the  upper 
end  of  the  pipe.  The  subject  has  been  investigated  by  Rayleigh  {Theory  of 
Sound)  and  by  Gibson. 

The  following  circumstances  appear  to  favour  a  good  reflection  : 

(i)  The  upper  end  of  the  pipe  opens  well  below  the  water  surfoce  in  the 
forebay,  or  feeding  reservoir. 

(ii)  The  pipe  has  neither  alterations  in  section,  nor  a  bellmouth  entry. 

Our  object  is  to  minimise  iji,  i?],  etc.,  as  far  as  possible. 

Thus,  the  upper  end  of  the  pipe  should  be  bellmouthed,  and  should  enter 
the  reservoir  at  as  high  a  level  as  possible  (allowance  for  unavoidable  variations 
in  water  level  being  made).  Also  a  wall,  or  other  obstruction  in  front  of  the 
upper  end  of  the  pipe,  should  be  avoided  if  possible.  The  best  solution,  there- 
fore, is  a  bellmouth  entrance  in  a  horizontal  plane,  as  little  below  the  lowest 
water  level  as  is  possible. 
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CHAPTER  XIV.— (Section  C) 

EJECTORS  AND  SYPHONS 

Jbt  Pomp,  or  Watbr  Ejector.— tieneral  theory. 

SvPHONS General  I heoiy ^-Preliminary  design  of  a  syphon — Syphons  carrying  air  and 

water— Theory — Examples — Practical  applications. 

SYMBOLS  CONNECTED  WITH  JET  PUMPS 

a,  is  theareaof  theoiiiiceof  thejet. 

o^  ii  the  area  of  the  cioss-section  of  the  ejector  cone  at  the  point  where  the  mixture  is 

cotnpletc,  which  is  assumed  to  be  the  throat,  or  minunum  section  of  the  cone. 
Hi,  is  the  area  of  the  cross-section  of  the  pipe  through  which  the  mixture  is  delivered. 

Asar-Kw.         A,  =rre'  +  rt('(see  p.  8ai). 

B  s  H+4»-l-^  [see  p.  833). 

<-,  is  the  area  of  th«  orifice  through  which  the  substance  lifted  is  delivered  previous  to 

miitcre. 
i,  is  the  gauge  pressure,  and  Hg  =  A  +  Ai,,  the  absiidate  pressure,  In  feet  of  water,  of  the 

}et  or  preuore  water  just  belbre  it  paascs  through  the  orifice  a. 
h,  is  (he  height  of  the  water  barometer,  in' feet  (see  p.  6). 
H,  is  (he  geometrical  lift,   in  feet,  from  the  ejector  to  the  reservoir' into  which  the 

mixture  is  delivered. 
H„  is  the  absolute  pressure,  in  feet  of  water,  existing  at  the  point  where  the  pretsore 

water  and  the  lifted  sul»tance  first  cotne  into  contact. 
Hj,  is  the  absolute  pressure,  in  feet  of  water,  at  the  point  where  complete  mixture  takes 

place,  i.«.  at  the  cross-section  a^ 
H„    is    the  absolute  pressure  in  (eel   of  water  ai   the  cross-section  a^         H,  =  B, 

approximately,  or  accurately,  B-f  friction  terms. 
it  is  the  iZaUBe  pressure,  and  K^  =  i  +  A/,,  the  absolute  pressure  in  feet  of  water,  at  which 

the  lifted  substance  is  delivered  just  before  it  passes  the  orifice  f. 
av  +  cu      Total  discharge  of  ejector  ,  ,  _, 

u,  is  a  velocity  such  that  cu,  is  the  total  quantity  in  cusecs  of  the  substance  lifted  by  the 

t>,  is  a  velocity  such  that  tw,  is  the  total  quantity  in  cusecs  of  pressure  water  paisbg 

throogh  the  jet. 
Vj= ,  is  the  mean  velocity  in  feet  per  second  of  the  mixed  substances  just  after 

mixture  is  complete. 
i^,  is  the  velocity,  in  feet  per  second  of  the  mined  substances  in  the  rising  main. 
D,  is  the  weight,  in  pounds  per  cube  foot  of  the  pressure  water. 
V,,  is  the  weight,  in  pounds  per  cube  foot  of  the  substance  lifted, 
f ,  is  a  oocfiicient  expressing  the  frictional  losses. 

Thus,  t^=  frictional  loss  of  head  h  (he  converging  cone  of  the  ejector.     Theorctialty, 
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f  =  ^1  where  g,  is  the  acceleration  of  giaviiy,  /,  the  length  of  the  pfpe  conddeKd, 

and  d,  its  diameter  In  feet.  Practically  this  equation  does  not  hold  as  C,  is  altered 
from  its  usual  values  by  turbulence  in  the  How,  and  the  mixture  of  air  or  suid  with 
the  water.     Therefore,  t  i>  xsed  to  indicate  this  altered  value. 


«  P-  S38). 


•■"  Jet  Pump,  or  Water  Ejectob.— The  theory  of  this'apparatus  is  in  a  very 
unsatisfactory  stale.  The  results  developed  below  require  experimental  con- 
finnation,  and  the  most  that  can  be  said  is  that  this  theory  is  the  least  open  to 
objection  of  any  that  have  as  yet  been  put  forward. 

Let  a  jet  with  an  orilice  of  an  area  denoted  by  a,  deliver  a  quantity  of  water 
av,  at  the  point  C. 

Let  the  absolute  pressure  at  which  this  water  reaches  the  orifice  be  :* 
Ho  —  h-^ki,  say,  where  At,  is  the  height  of  the  water  barometer. 


Sketch  No.  240.— jet  Pump  Dingiam. 


Let  a  quantity  of  water  cu,  be  delivered  at  the  point  C,  through  an  orifice 
the  area  of  which  is  c,  and  let  this  water  reach  the  orifice, under  an  absolute 
prcMure  Ko  =  *+Ar.  say. 

Let  the  two  bodies  of  water  move  along  the  pipe  CD,  and  arrive  at  D,  in 
a  state  that  can,  for  practical  purposes,  be  represented  by  a  volume  io/^cm, 
moving  with  a  uniform  velocity  v-t,  so  that  tbe  area  at  D,  is  Of  "= ,. 

The  mathematical  difficulties  of  the  iovestigatLon  are  entirely  due  to  our 
ignorance  of  the  processes  involved  in  the  complete  mixture  of  the  tvo  bodies 
of  water  which  is  assumed  to  take  place  ia  the  pipe  or  converging  cone  CD. 
The  definition  of  complete  mixture  is  plain,— the  velocities  at  individual  points 
in  the  area  ag,  must  not  differ  materially  from  those  which  prevail  in  a  pipe  of 
an  area  St,  carrying  a  quantity  of  water  equal  to  a^v^,  in  steady  motion. 

So  far  as  can  be  inferred  from  the  practical  details  of  ejectors  (whiti)  are, 
however,  known  to  be  designed  by  rule  of  thumb  only),  the  length  CD,  is 
usnally  about  five  or  six  times  the  diameter  of  a  oircle  of  an  area  ij,  and  Ibe 
best  results  are  certainty  obtained  when  CD,  is  a  converging  cone.    There  are 
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alao  certain  indicatioiu  thmt  Kn  as  txter  defined,  should  be  greater  than  A^,  if 
rapid  mixture  is  desired. 

Let  the  mixed  stream  pass  along  the  diverging  cone,  and  finally  enter  a 

pipe  with  an  area  represented  by  o^  with  a  velocity  V(  =  ^A    The  stream 

then  flows  through  this  pipe  and  is  delivered  into  a  tank  at  F,  say. 

Let  Hi,  be  the  absolute  pressure  at  C,  i.t.  just  beyond  the  orifices. 

Let  Hf,  be  the  absolute  pressure  at  D,  i^.  just  after  complete  mixtun  has 
occurred,  and  assiune  that  C,  and  D,  are  at  the  sane  level. 

The  motion  between  C,  and  D,  may  be  ccniBidered  as  follows  i 

There  enters  at  C  : 

(i)  A  quantity  of  water  aw,  with  an  eBergy  proportional  to  H,H — . 
(ii)  A  quantity  ti  water  «v,  with  an  energy  proportional  to  Hi+— - 

During  the  motion  from  C,  to  D,  the  first  quantity  changes  its  velocity  from 
V,  to  fj,  so  that  energy  proportional  to   —  is  lost.    Similarly,  the  second 

quantity  loses  ener^  proportional  to  ^ ~- 

.  In  addition,  some  energy  is  lost  by  both  quantities  of  water  in  frictional  and 
other  resistances  to  motion,  and  this  is  assumed  to  be  proportional  to  Cy 

Finally,  the  quantity  av+cu,  leaves  D,  with  an  energy  proportional  to 
Hi+-^.    In  practice,  v,  is  always  greater  than  uorv. 

The  whole  reasoning  is  a  mass  of  assumptions,  and  esperimental  proof  is 
difficult.  Quite  apart  from  any  questions  as  to  the  validity  of  Borda's  equation 
(which  Zeuner  and  other  good  authorities  considei  to  be  inapplicable  to  the 
conditions  prevailing)  the  value  of  C  almost  certainly  bears  no  relation  to  C,  in 
the  equation  v=C-Jn,  which  would  be  the  frictional  equation  for  the  pipe  CD 
under  ordinary  circumstances. 

Thus,  all  that  can  really  ba  stated  is  that  Qi«  fovea  oi  the  equation  is 
probably  correct,  and  therefore  the  investigation  forms  a  starting  point  foi 
comparison  between  'ejectors  which  do  not  differ  very  greatly  in  size  and 
general  proportions. 

We  thus  arrive  at  the  following  equation  s 

"(b,+^)+<^h,+^)-(»+«){h,+^'(.+o}+J^^ 

Simplifying,  and  putting  A=<w+«*.    A,=fl»*+<n^   ' 

If  in  i^acfi  of  w«ter  lifting  water,  a  fluid  with  a  weight  equal  to  v,  lbs.  per 
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cube  foot  lifts  a  flind  of  &  weight  equal  to  Vi,  lbs.  per  cobe  foot,  tiie  equatioa 
is  of  precisely  the  same  form,  but : 

A— aMU+WiCK,  and  Ai^wot^+WiCH*; 

and  the  heads  Hi,  and  H„  are  expres^d  as  feet  of  a  fluid  of  a  weight  equal  to : 
' —  lbs.  per  cube  foot,  »>.  the  weight  of  the  mixed  fluid  that  flows  in 
the  risiog  maio. 

The  mixture  has  now  to  be  lif^  to  F,  at  a  height  H,  above  the  point  D. 
Thus,  for  the  motion  from  D,  to  F,  we  have; 

H.+^-H+A+^.+f,).B+C,^.H,s.,; 
wheie  C(-^  represents  the  head  lost  by  friction  in  the  rising  main,  so  that  if 
this  be  of  a  length  equal  to  /,  and  of  a  diameter  i,  then  Ci  =  nj  approximately. 
AddiI^[  these  equations,  we  get] 

wbe,^        6-C.(|)"- 

The  corrections  for  firkbon  and  other  losses  in  the  diverging  cone  am 
obvious,  but  do  not  alter  the  form  of  the  equation,  and  in  view  of  the  un- 
certainties existing  as  to  the  correct  values  of  f  and  tt  it  hardly  seems  necessary 
to  express  them  by  special  symbols. 

Sohnng  this  equation,  we  have  t 

w  A,  /aj(Hi-B)  ~        a;        V 

^*     ACi+f+O^V    T+f+C  +tA(i+C+f,>; 
The  negative  sign  alone  is  significant,  and  c*,  attains  its  maximum  value 
.r  when  the  terms  under  the  radical  sign  vanish.    Thus,  we  have: 


A(i+:+c.) 


w.-      /2gtB-H,)_  A,  ^+«t* 

V     J+f+f.    ~A(H-f+f.}      (<«/+«Xi+f+fi)' 
or,       V.  St  I ^?T.:^.> — __—  .  when  the  jet  and  lifted  Huid  <Uffer  in 

density. 

This  equation  for  v,  is  arrived  at  by  all  investigators,  but  as  it  represents  a 
maximum  value  of  v^  only,  this  fact  is  no  proof  that  theii  methods  are  all 
equally  correct. 

We  can  now  determine  Hi,  in  feet  head  of  the  mixture,  for  a  given  value  of 
v„  and  thence  we  calculate  w,  and  w,  from  the  ordinary  formulae  : 

»=f^/?g<H.-H,)  «-cW2i?(K,-Hi) 

where  f,  and  Ci,  are  coefBcients  of  velocity,  with  an  allowance  for  pipe  friction 
if  required,  and  where  Hi,  in  each  equation  must  be  calculated  in  feet  head  of 
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the  fluid  considered  if  the  weij;ht  per  cube  foot  of  the  fluids  differ.    The  propor- 
lions  of  a  practical  ejector  are  plainly  best  obtained  by  trial  and  error. 

The  value  of  (  is  not  well  known,  but  certain  measurements  of  my  own 
suggest  that  it  varies  from  twice  to  three  times  the  value  calculated  from  the 
values  for  C,  found  by  experiment  in  cases  where  the  mixture  does  not  occur. 
Jet  pumps,  however,  usually  lift  a  mixture  of  water  and  air,  or  water  and  earth. 
The  first  case  has  been  investigated  by  Gibson,  and  rules  for  the  value  of 
C+C*  are  given  on  page  833.  In  the  second  case  the  experiments  of  Haien 
and  Blaicb  (see  p.  540)  determine  C+it  witb  all  necessary  accuracy, 

SYMBOLS  CONNECTED  WITH  SVPHONS 
C  =  '  -,=r,  is  the  skin  (riction  equation  for  the  syphon. 

d,  is  the  diameter  of  the  sj^bon  pipe,  in  feet. 

il„  is  the  height,  in  leet,  ofthe  water  surface  in  the  upper  reservoir  sbove  a  fixed  plane. 
h^  a  the  height,  in  feet,  t^  water  lurlace  in  the  lowet  reservoir  above  the  fixed  plane. 
kf,  is  the  height,  in  feel,  of  the  crest  of  syphon  atwvc  the  fixed  plane. 


.„  is  the  length,  in  feet,  between  the  upper  reservoir  andlhe  crest  of  the  syphon. 

If,  is  the  length,  in  feet,  between  the  lower  reservoir  and  the  crest  of  the  syphon. 

^,  is  the  total  volume  of  air  earned  by  ihc  syphon,  in  cube  feet  per  second. 

g,  is  the  volume  of  ^',  measured  at  atmospheric  pressure. 

f,  is  the  vdodty  of  the  water,  in  feet,  per  secood. 

v{,  and  v^  are  velocities  in  the  lengths  /,,  and  /,,  if  these  ditTer. 

nr  =  33  -  *. 

;k,  is  the  absolate  pressure  enstii^  at  the  crest,  in  feet  of  water. 

H,  is  the  number  of  cube  feet  of  sir  carried  per  cube  fool  of  water  (see  p.  816). 

SUMMARY  OF  EQUATIONS 
Sfpbon  onyiDg  water : 

,     w  +  it-h,  ,    A,-A,-» 

""s^if  " — sr 


l.miitoi  l~'C-k  '-n~   '    '' 

Sy^kon  carrying  sir  and  water : 

SVPHOMS.— In  its  simplest  fonn  a  syphon  consists  of  an  inverted  U  tube, 
both  legs  being  full  of  water. 

In  Sketch  No.  341,  Fig.  I,  let  /^  be  the  length  of  tube  from  C,  at  entry  in 
the  upper  reservoir,  to  the  crest  D  ;  and  /%,  the  length  of  tube  from  D  to  £,  the 
exit  in  the  lower  reservoir. 
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Let  the  friction  equation  for  water  moving  in  (he  pipe  CDE  be,  »=C  •^rs. 

Then,  we  have  the  usual  equation  for  motion  through  the  whole  length  of 

the  tube. 


.  vyv*  , 


where  -~~i  represents  the  loss  at  entry  by  shock  and  generation  of  velocity. 

Now,  consider  motion  through  the  length  CD.  We  have  atmospheric 
pressure  at  C,  of  absolute  value  say  33  feet  of  water  {i.t.  the  height  of  the  water 
barometer) ;  at  D  we  have  an  absolute  pressure  of  .r,  feet  say  (i>.  a  vacuum  of 
w  =  33--f.  feet). 

We  thus  get : 

For  the  flow  from  D  to  E,  since  there  is  atmospheric  pressure  at  £, 

A,+^-(A,+33)=7^^  =  *,-(A,+H  ...  3. 

Mow,  these  two  equations  permit  us  to  determine  w,  and  for  a  first  appron- 
mation  we  may  neglect  — ^— ,  and  get  j 

which  shows  w,  is  equal  to  DC,  the  height  the  crest  of  the  syphon  lies  above 
the  line  joining  the  water  surfaces  above  its  ends. 

But  plainly,  tc  cannot  exceed  a  certain  value,  which  is  theoretically,  33  to  34 
feet,  and  practically  depends  on  the  amount  of  air  entrained  in  the  water,  and 
the  temperature  of  the  water,  since  this  determines  its  vapour  pressure. 

Take  Wi,  as  this  maximum  value  (roughly  about  z8  feet),  then  tbe  c(MTe»- 
ponding  values  of  v,,  the  velocity  in  the  inlet  leg,  and  v,,  the  velocity  in  the 
outlet  leg,  are  given  by  : 

-    lOi+A,— A.  ,  ,    A.— A,— w, 

""  :kt^'   '"'    ^'*-^^^'' 

and  plainly,  the  syphon  will  not  run  full  iff,,  is  greater  than  j-j.  This  gives  us 
an  equation  for  the  ratio  y,  which  is,  neglecting  ^-    : 

,       y' — J- -•^a,  say, 

and  plainly  if  j  exceeds  this  value  the  vacuum  necessary  to  raise  water  to  the 
crest  as  fast  as  it  is  carried  away  cannot  be  attained,  and  the  outlet  leg  does 
not  flow  full 

In  general,  we  have  A3— A,,  and  h^—hi  given,  and  wish  to  work  with  as 
small  a  vacuum  aa  possible.  The  minimum  possible  value,  (A,— A,)  is  given  by 
/i  -^o,  i.e.  the  crest  should  be  as  close  to  the  upper  reserroir  as  possible. 

The  graphical  construction  is  evident ; 

Set  up  (Fig.  2)  above  the  two  reservoirs  heights  CB,  and  EA,  equal  to 
«',=27  or  28  feet  at  most.    Then  join  Al).    The  crest  of  the  sy[^on  shoDdd 
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»»s 


lie  below,  or  on  the  line  AB,  where  the  tine  CE,  is  assumed  to  be  the  developed 
longitudinal  sectioa  of  the  syphon.  Foi  barely  possible  flow,  put  W)  —  33  ittfi, 
coTTCspooding  to  a  complete  vacuum  at  the  crest  of  the  syphon. 


Sketch  No,  341.— Diagiun  of  Syphon  Flow. 

As  examples  ;    Take  three  syphons,  whose  crests  are  all  at  the  same 
evel. 

(a)  In  the  syphon  CPE,  the  velocity  is  given  byeithei  ofihe  three  equations 
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Nos.  I    o  3)  both  legs  run  full,'  and  the  maximum  vacuum  corresponds  to 

height  FM,  or,!     great  accuracy  is  desired  and  the  tenn  — «■  is  tatcen    into 

account  a  slightly  arger  value  will  be  obtained. 

(j)  In  the  syphon  CKE,  both  legs  run  full,  but  the  vacuum  corresponds  to 
KU,  i.e.  is  equal  to  tf,,  and  all  three  equations  still  apply. 

(f)  In  the  syphon  CLE,  the  inlet  leg  only  nms  full,  and  equation  Na  1 
with  the  vacuum  equal  to  W],  alone  applies,  although  if  the  water  happens  to 
contain  but  little  air,  so  that  a  vacuum  of  more  than  ifi  feet  can  be  atiaitted, 
and  CD,  lies  below  the  line  B'A',  where  CB'=EA'=33  feet,  it  is  possible  that 
both  legs  may  flow  full,  and  a  vacuum  corresponding  to  LN=a'',  say,  exists  at 
the  crest 

We  may  therefore  sum  up  as  follows  : 

If  CB,  and  EA,  represent  the  maximum  vacuum  obtainable  : 

(i)  Any  syphon  whose  crest  is  below  AB  runs  fiill  in  both  legs  under  a 
vacuum  represented  iu  feet  of  water  by  the  height  of  the  crest  above  CE,  and 
the  velocity  is  given  by  equations  Nos.  i  to  3. 

(ii)  If  the  crest  lies  above  AB,  the  inlet  leg  only  is  full,  and  the  vacuum  is 
represented  by  CB  or  EA,  and  the  velocity  is  given  by  equation  No.  t, 
provided : 

(iii)  The  crest  does  not  rise  above  B'Jt  the  horizontal  through  B',  where 
CB'— if/=maximum  ptossible  vacuum,  in  which  case  no  flow  occurs. 

This  investigation  shows  the  great  importance  of  the  horizontal  distance  of 
the  crest  from  the  upper  reservoir. 

It  is  also  quite  plain  that  if  we  alter  the  size  of  the  pipes  in  the  two  legs, 
we  can  theoretically,  at  any  rate,  cause  both  legs  to  run  fall,  t^.  con^dcr  the 
syphon  CDE  (Fig.  i). 

Set  up  CB  =  EA=«/„  where  «/,  is  the  maximum  vacuum  desirable.  Join 
BD,  and  look  up  the  size  of  pipe  required  to  pass  the  given  discharge  under  a 
hydraulic  gradient  BD.  Next,  join  DA,  and  determine  the  size  of  the  outlet 
pipe  for  the  same  discharge  and  the  new  gradient  DA. 

The  above  approicimate  theory  is  sufficient  for  preliminary  studies.  In 
the  final  work  it  is  necessary  to  allow  for  the  losses  of  head  at  entry,  at 
curves,  and  due  to  the  alteration  of  the  pipe  diameters.  The  question 
whether  the  syphon  will  continue  to  pass  water  is  investigated  in  the  next 

Syphons  carrying  Air  and  Water. — When  the  vacuum  exceeds  20  feet,  air 
is  disengaged  from  the  water,  and  may  enter  by  a  leak,  at  a  vacuum  of  less  than 
2o  feet. 

The  worst  position  for  a  leak  is  at  the  crest.  Let  us  assume  that,  up  to  the 
crest,  the  pipe  carries  water  only,  while  after  the  crest  there  is  a  mixture  of  ait 
and  water,  say  fi  volumes  of  air  per  unit  volume  of  water.    We  have  : 


where  ^''At—Ai 

Also  since  th 

(1— /i),  and  for  w 


33— jr— li^  =  ^{n'v""'"      )"'"  resistance  due  t( 


.Google 


EFFECT  OF  AIR 

other  renstances  are  not  altered  by  the  presence  of  air,  except  in  so  far  a 
velocity  is  altered,  we  get : 


where 
Thus.  ,;«(k,+'^+,-J^,|  =  A,(i_p)-i4  ...  6. 

Now,  experimentally  it  has  been  found  that  the  ur  bubbles  do  not  travel 
along  the  outlet  leg  with  the  same  velocity  as  the  water,  but  tend  to  travel 
upwards  with  a  velocity  equai  to  yi'J'd  {xit  Henog,  A,P.C^  1904,  p.  19), 
where  d  is  the  diameter  of  the  outlet  pipe  in  feet 

Thus,  the  quantity  <rfair  conveyed  away  is  : 


'•-f'(,-^,-»") 


measured  at  a  mean  pressure  33 

Thus,  the  volume  measured  at  atmospheric  piessore  is : 


Now,  m  any  given  case,  we  can  assume  a  series  of  values  of  ft.  Eqtiation 
No.  6  then  gives  us  v,  and  hrorn  Equations  Nos.  4  or  5  we  can  calculate  x,  and 
■hen  ^  and  ;.  We  find  that  g  has  a  maximum  which  corresponds  to  a  value 
of  fi  between  fi  ^  o,  and  ^  «  I  —  r7~-7=' 

Hence,  we  calculate  what  volume  of  air  the  syphon  can  possibly  dispose  of 
without  being  sooner  or  later  stopped  by  the  accumulation  of  air,  either  from 
leaks,  or  dissolved  air  set  free  from  the  water  by  the  vacuum  existing  at  and 
near  the  crest. 

As  an  example  cS  the  above  calculations,  consider  a  pipe  of  4  feet  diameter, 
with  Aj  =  30  feet,  A4  •>  14  feet 

Let  us  assume  that  the  preliminary  calculations  have  shown : 


K,+!:i. 


o-oji 


which  corresponds  to  /,  —  86  feet,  with  C  —  loo^  i.e,  a  nvf  incnisted  pipe  with 
many  bends,  K)  —  o'oi6,  corresponding  to  1%  **  160  feet.  It  must  be  noted 
that  the  question  of  boA  legs  running  full  has  not  been  gone  into,  although, 
in  any  actual  calculation,  this  should  be  detetmined  before  computations  of  ^r 
removal  are  attempted. 

Substituting  the  numerical  values,  and  putting  (i— ^)*— i,  we  get   the 
followmg: 

«*(ao48)-»o(i— ;»)— I4t         orv»-  i3S-4i67fi 
33-*- i4+ff03«^ 
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The  tabulation  as  effected  by  a  slide  rule  is : 


** 

!->» 

l>* 

^ 

33-* 

i-/» 

i 

r 

0-0P5 

o"99S 

122-92 

iroS 

'7*94 

11-14 

0-00879 

0-0067S 

O'OIO 

0-990 

120-84 

10-99 

ll-IO 

0-01256 

0-00969 

0015 

o-q8s 

TI8-7S 

10-89 

17-80 

11-05 

000942 

0-00725 

0-980 

116-67 

10-80 

1773 

11-02 

0-00502 

0003S6 

We  thus  see  tbal  this  sypbaa  can  dear  away  about  0-0097  cube  foot  of  aii 
at  atmospheric  pressure  per  second,  or  as  the  volume  of  water  passing  \% 
138'!  cube  feet  per  second,  the  percentage  is  about  D-0070,  wbicb,  as  will  be 
seen  from  the  figures,  given  below,  is  probably  too  small  for  satis&ctot>- 
working. 

Let  us  now  try  a  I  foot  pipe  under  similar  c' 

K,  +  —S  =0-074 
or,    »'{o-i74)  -  6—20^ 

33-;ir  -  i4+o^74w» 
The  tabulation  is : 


Ki  ■■  o-ioo  approximately. 
»*-34"48-li4-9t. 


*• 

!->• 

•> 

^ 

33-* 

I-/* 

f' 

f 

O'OI 

0-99 

33"33 

577 

16-46 

S-8^ 

0-00259 

0*00194 

ooa 

0-98 

33-18 

5-67 

16-38 

578 

0-00439 

000329 

0-03 

0-97 

31*03 

S'57 

16-29 

573 

000541 

0-00405 

0-04 

0-96 

29-89 

5*47 

i6*3a 

S-69 

0-00596 

0-00444 

0-05 

0-95 

28-74 

5-36 

1613 

5-64 

000550 

000409 

The  smaller  pipe  is  thus  able  to  cany  off  about  00044  cube  foot  of  air 
per  second,  and  is  theu  carrying  about  4'3  cube  feet  of  water  per  second,  so 
that  the  percentage  is  approximately  o'l,  or  over  fifteen  times  that  of  the  other 
[ripe. 

This  figure,  I  believe,  is  above  that  required  for  satisfactory  working. 

The  above  figures  for  air  removal  may  be  considered  ai  minima,  since,  in 
syphons  with  short  outlet  legs,  tie  air  bubbles  do  not  become  sufficiently  large 
to  move  upwards  with  the  velocity  athuned  la  a  vertical  tube,  whereas,  the 
outlet  legs  in  the  above  examples,  if  straight,  are  inclined  at  i  in  8,  to  the 
horizontal.  On  the  other  hand,  in  most  practical  cases,  the  outlet  leg  dips 
3  to  4  feet  below  the  surface  of  the  reservoir  into  which  it  delivers,  and 
this  will  produce  an  extra  retardation  in  the:equatian  for  v*,  «^.  if  the  submer- 
sion is  4  feet,  the  equation  becomes  w'(o-i74)  —  6— 24/f. 

The  relative  values  are  however,  probably  very  fairly  correct,  and  introduce 
the  principle  of  suddng  syphons,  used  in  several  French  ports. 
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Here,  the  smaller  pipe  {e^.  the  I  foot  pipe  in  the  above  example)  is  started, 
and  allowed  to  suck  air  by  a  small  auxiliary  tube  from  the  larger. 

The  figures  in  the  above  examples  are  roughly  comparable  with  those  of 
the  Trdport  syphons,  described  by  Herzog  {ut  supra),  but  the  general  practice 
is  to  use  a  small  smooth  tube  (say  3-inch  lead  pipe),  for  the  starter.  In  any 
given  case,  the  best  diameter  is  easily  obtained  by  two  or  three  trial 
calculations. 

This  device  has  not  often  been  employed  in  English  speaking  countries, 
and  the  usual  practice  is  to  remove  air  either  by  pouring  water  into  a  reservoir 
at  tbe  creBt  of  the  syphon,  or  by  a  steam  jet,  or  water  jet  pump.  These,  as 
reqairing  attention,  or  mechanical  appliances,  seem  to  me  less  practical,  and 
the  sucking  syphon  device,  with  the  small  syphon  so  calculated  as  to  be  amfdy 
capaUe  of  keeping  both  syphons  clear,  seems  to  me  piefemble.  In  this  con- 
nection it  must  be  noted  that  the  above  examples  are  exceedingly  unfavourable, 
as  the  pipes  are  assumed  lo  be  very  heavily  incrusted. 

Actual  figures  as  to  the  accumulation  of  air  in  syphons  {i.e.  the  difference 
between  the  air  given  off  by  the  water  at  the  crest  and  the  quantity  removed  as 
above),  are  very  rare.  The  only  one  I  have  been  able  to  find  is  given  by 
Anthony  {Trans.  Am.  Soc.  of  C.E.,  vol.  59,  p.  64)  who  states  it  to  be  0-0038 
per.  cent,  of  the  volume  of  the  water  for  a  i3-inch  pipe,  under  a  vacuum 
ranging  from  8  to  13  feet  head  of  water.  By  scaling  his  diagrams,  I  estimate 
(very  roughly,  as  the  scale  is  small)  that  the  syphon  could  remove  0*021  per 
cenL,  so  that  we  may  estimate  tbe  air  given  out  as  0*0248  per  ce&t.  and  equaUy 
roughly  believe  that  o'oflS  to  0^030  per  cent,  removal  will  permit  continuous 
working  under  such  a  vacuum. 

We  may  therefore  conmder  that  a  removal  of  a'050  per  cent,  will  be  generally 
satisfactory,  but  in  Anthony's  case,  the  climate  (South  African)  is  hot,  so  tbitt 
in  temperate  coimtries  less  removal  might  suffice.  1  estimate  that  if  a  nnooth 
4-inch  pipe  had  been  laid  to  suck  air  from  his  syphons,  or  those  of  my  exwnple, 
continuous  working  can  be  secured.  . 

In  general,  we  find  that  a  "small  steam  jet"  is  considered  sufficient. 

The  Brusio  syphon  of  3  meters  diameter,  under  a  vacuum  of  16  feet  is,  how 
ever,  provided  with  a  small  centrifugal  pump,  for  filling  with  water.  As  if  is 
unprovided  with  non-return  valves,  the  pump  seems  absolutely  necessary. 

The  theory  developed  above  appears  to  agree  fairly  well  with  experience  «f 
short  syphons  of  large  diameter,  j',^.  say  2  to  4  feet  tubes,  120  to  150  feet  long; 
tbe  general  principles  being  that,  a  velocity  somewhat  exceeding  the  value 
S'SVrf  should  be  attained  under  as  small  a  vacuum  as  possible. 

In  smaller  pipes  the  question  is  complicated  by  incrustation,  but  a  z-inCh 
lead  pipe  seems  capable  of  removing  air  from  very  large  syphons,  ^d  of 
keeping  them  in  regular  work. 

For  the  ordinary  cast  iron  pipe,  some  6  to  8  inches  in  diameter,  accidental 
leaks  are  not  only  more  likely,  in  view  of  the  greater  number  of  joints,  hirt'<rf 
relatively  greater  importance,  owing  to  the  smaller  cross-section  of  the  pipes  ; 
hence,  air  leakage,  or  accumulations  of  dissolved,  air  sooner  or  later  stop  the 
working.  All  such  syphons,  therefore,  should  be  provided  with  some  arrange- 
ment for  refilling  with  water. 
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CHAPTER  XIV.— (Section  D) 

AIR  LIFT  AND   HYDRAULIC  COMPRESSOR 

Am  Lift  Pumps.— Theory— Correction  for  friction  and  velodtjr  he«d— Rnlwfor  Maioa 
— ApproximHte  rule  liir  retio  of  volume  of  air  to  volnme  of  water — Ei>in|de — 
EfliciCQcy — Cyclic  flow— Minimam  value  of  velocity  of  entry — Infloence  of  sue  oi 

tbc    pipe — Values  of  cffidcnc; — Pipes   with   croffi-section  incieasing  as    the   air 

The  ifvDRAULic  Am  Comfrkssor. — Theory — E^-tra  loues  not  occurring  in  the  air 
lift-^EHcct  of  eizc  on  efficient — Isathenoal  eompreation  of  the  air — Fiacticai 
detaila~Re(erences — Injection  of  air  into  water — Orifice  area— Velocity  of  the  water 

and  air  bobbles— Efficiency- — Summary — Webber's  experiments. 

SVMBOLS-AIR  LIFT  AND  HYDRAULIC  COMPRESSOR 

a,  a  the  area  of  the  cross-section  of  the  pipe  conveying  the  mixtUTe  of  air  and  waiei, 

in  square  feet, 

C=    T=,  it  the  skin  friction  comtanL 

rf,  is  the  diameter  (n  feet  of  the  pipe,  the  area  of  which  is  a  square  fcel. 

Jl,  is  the  distance  in  feet  below  the  level  from  which  K  u  measured  at  which  air  is 

delivered  into  (air  lifi),  or  leaves  the  water  (compressor). 
If,  is  the  observed  mechanical  ^dency  of  the  process. 

H,  is  the  hdght  in  feet  through  which  the  water  is  lifted  (aic  lift),  or  lalls  [conpfeaor}. 
Af,  is  the  head  lost  by  skin  friction,  curi'ea,  etc.  (see  p.  838). 
Jn  ^  the  head  lost  by  eiit  velodly  (see  p.  831). 

■   ih       [■     Vohupe  of  air  delivered  . 

'  Volume  of  water  delivered' 

/•f,  is  the  pressure  of  the  atmosphere. 
^,  is  the  absolute  pressure  (k«.  the  pressure  as  measured  by  a  pressure  gange->-/a)  of  the 

air  when  delivered  into  (air  lift),  or  set  Iree  from  (compressor)  the  water. 
/,  is  the  pressure  at  any  point. 

f,  is  the  volume  of  waiei  passing  through  the  machine,  in  eutecs. 
v,i,  is  the  velocity  in  feet  per  second  with  which  the  mixture  of  air  and  water  quits  the 

ri^g  main  (air  lift),  or  the  down  shaft  (comptessor). 
v„  is  the  velocity  with  which  the  mixture  enters  the  rising  main  (air  lifi),  or  the  down 

shaft  (compressor). 
V,  is  the  velocity  at  any  point, 
.X,  it  the  volume  occupied  at  pressure  /,  by  the  mass  of  air  which  occupies  f  cube  feel 

at  a  pressure  fa- 

SUMMARY  OF  FORMULA. 
AirLiR.        , 

>- — i;«il/+A.,  in  feet  of  imler 

Ka=H+V+^ftinfeet  ofmiMure. 

Ji,='(i+«)  i.=  —(i  +  Kl  feel  of  mixture. 

a  tg 

■*/=  ^*'^"'  ^i('  +  ^)'  f«'  of  mixture  (tee  p.  833). 
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HjdiKulic  Compressor. 


5±?- J=,i/  +  A„  in  feet  of  water. 

^f=ts  air  lift +  riktioD  loss  for  puie  water  in  Che  riling  ahaft 

Tlieie  is  also  an  additional  nncalculable  losi  of  head  owing  ti 
in  miuDg  the  air  with  the  water  (see  p.  839). 


the  ene^y  expended 


Absolute  I'lessare  of  the 
Air  in  Atmospheres,  when 

, 

K 

Pressure  in  Pounds  pet 

Square  Inch. 

the  Lift  Tube  ='''. 

/» 

per  Square  loch.) 

J 

IS 

0-69 

3 

30 

o'SS 

4 

45 

0-46 

60 

0-40 

6 

75 

036 

7 

90 

0-32 

8 

">S 

0'29 

9 

oa? 

13s 

0*26 

13 

1$0 

0-31 

J5 

210 

o-ig 

Air  Lift  Pumps. — Air  X\(t  pumps  form  the  simplest  means  of  lifting  water 
from  wells,  or  other  narrow  reservoirs. 

A  pifte  is  placed  in  the  well,  and  air  under  pressure  is  blown  into  it.  The 
air  bubbles  up,  and  when  the  lift  works  properly  forms  an  emulsion,  or  intimate 
mixture,  with  the  water,  lifting  it  to  the  top  of  the  well  (see  also  p.  834). 

Let  K,  be  the  height  the  water  is  lifted.  Let  the  air  enter  the  pipe  at  a 
depth  B,  hereafter  termed  the  "  dip,"  below  the  water  surface  in  the  well. 

Let  the  mixture  of  air  and  water  that  is  lifted  in  one  second  consist  of  g, 
cube  feet  of  water,  and  a  quantity  of  »r  the  volume  of  which  measured  at 
atmospheric  pressure  is  qn,  cube  feet  (^a=34  feet  of  water  approidmalely). 
Further,  assume  (as  is  probably  very  nearly  the  case)  that  the  proportion  of 
air  and  water  is  the  same  throughout  the  tube.  Let^i,  be  the  absolute  pressure 
of  the  air  at  the  bottom  of  the  tube.  Then  p\,  corresponds  to  the  pressure 
produced  by  a  column  of  water  S+34  feet  high.  For,  ifj},,  be  less  than  this, 
the  air  cannot  leave  the  pipe,  and  if  ^j,  be  much  greater  than  this,  air  will 
bubble  out  from  the  bottom  of  the  pipe.  Now,  as  the  air  rises,  it  expands,  and 
the  air  being  in  intimate  mixture  with  the  water,  the  expansion  must  be 
isothermal  (i>.  no  heating  or  cooling  occurs). 
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Thus,  if  x^  be  the  volume  of  air  used  per  second,  measured  at  an  absolute 
pressure/,  we  have;  „-j, 

since  the  volume  when  measured  at  atmospheric  pressure  is  equal  to  qit,  cube 
feet  per  second.  Therefore  the  mean  volume  of  a  cube  foot  of  the  air  during 
its  passage  through  the  tube  is  given  by  : 

air  and  water  in  the  rising  main 


The  mean  specific  gravity  of  the  n 
is  therefore  given  by  : 

Thus,  the  head  [)roducing  flow  is 


i 

lamteimuhkn 


given  by  the  difference  of  the  pressures 

produced  by  a  column  of  water  8  feet 

high,  and  a  column  (H+8)  feet  high 

of  mixture  of  a  specific  gravity       .t- 

Thus, 


i+K 


'A/+A, 


Where : 


The  velocity  of  the  n 


h/,  is  the  friction  head  lost  in 

the  pipes,  etc. 
fir,  is  the  velocity  head  of  the 

water  escaping  from  the 

pipes. 

At  present,  these  quantities  are 
expressed  in  feet  of  water,  but  it  is 
convenient  to   express   everything  in 

feet  of  mixture. 
We  gel ; 

K8-H=A/+A,  ...(i). 

tvhcrc  hf,  and  h„  are  now  expressed  as 
feet  head  of  the  mixture. 

Now,  let  a,  be    the   area  of  the 
pipe  carrying  the  mixture,  and  d,  its 
diameter, 
into  the  pipe  is  : 


Tfie  velocity  of  exit  from  the  pipe  is  7'„  =  ^{t+«)  and  in  feet  of  water 


'•'"l 


^,=(i  +  K)-^,(i+«;'  feet  of  mixture. 
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hf,  is  less  easy  to  calculate.  Gibson  (Hydraulics  and  its  Applications), 
statMthat    A^=6xi^^'^I(i+^yfeetofmixture; 

where  C,  is  the  coefficient  in  the  ordinary  equation,  v=Z-irs,  a  value  corres- 
ponding to  the  motion  of  water  with  velocity  ^■+r)i  in  a  pipe  of  diameter  d, 

being  salected. 

This  equation  leads  to  results  which  agree  fairly  well  with  experiment,  and 
in  default  of  better  information,  it  must  be  used  in  calculations. 

The  calculations  in  any  given  case  are  now  obvious.  We  must  assume  a 
value  of  »,  calculate  K,  hf,  and  An  and  see  whether  equation  No.  (i)  is  satisfied. 
If  not,  another  value  of  n,  must  be  tried. 

In  actual  practice,  we  find  that ; 

When    .       .    H— 10       20       30       50       100  feet 
«,  is  approximately  I'o      I's      -ro      2-5  3*0 

and  these  values  can  be  used  in  preliminary  work. 

It  will  be  found  that  hj,  and  h,,  are  appreciable  fractioiis  of  H.  Thus,  take 
Kelly's  experiment  No.  i,  Table  V.  [P.I.C.E.,  vol.  163,  p.  371). 

Here,  we  have,  y— 074  cusec,  «=6-4,  a=oi36  square  feet,  d=<y^2  feet, 
8  =  1767  feet,  H  =  i32'8feet,^i=(73  +  iS)lbs.  per  square  inch. 
Thus,         K = 6-4  X  0'2o6  log,  5-87 =3-33. 

f,  =  1 1  '3  feet  per  second.  Va = 40*3  feet  per  second. 

We  have,  A,=^~- 35-3  feet  of  water=843  feel  of  mixture; 


Thus,  the  efficiency  of  the  ai 


„/9*9S  feet  of  mixture, 
"  \278*9  feet  of  water. 


H  132-8 

H+^+*;°  1 32-8 + 25-3 + 278-9°**^^^" 
ExpeTimentally,  we  find  that  the  e£Scieiicy  calculated  from ; 

H.P.  of  water  raised 

l.H.P.  of  air  in  compression  cylinder"      " 
so  that  the  efficiency  as  above  defined,  which  is  : 
H.P.  of  water  raised 


H.P.  of  air  as  delivered  at  bottom  of  lift  pipe 
is  probably  about  0*33. 

The  important  point,  however,  is  that  A/,  is  but  slightly  less  than  twice  H, 
even  if  we  assume  the  efficiency  of  the  air  lift  to  be  as  great  as  o'40  (which,  in 
view  of  the  experimental  result,  would  require  the  air  compressor  to  be  in  very 
bad  order),  and  calculate  hf,  from  this  suppositious  value.  Consequently,  if 
good  efficiency  is  desired,  the  losses  by  friction,  and  exit  velocity,  must  as  far 
as  possible  be  minimised.  Thus  v,,  and  v^,  must  be  kept  as  small  as  possible, 
and  in  order  to  minimise  friction  the  air  pipe  should  be  separated  from  the 
rising  main,  and  should  not  (as  is  frequently  the  case)  be  placed  centrally  inside 
this  pipe,  which  produces  extra  skin  friction  in  the  rising  main. 
53 
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In  actual  practice,  if  Wr,  be  less  than  a  certain  value,  ihe  dr  and  water  do 
not  thoroughly  mix  (as  is  assumed  in  the  above  theory),  and  the  flow  becomes 
variable,  the  air  accumulating  in  large  masses,  fiUing  the  whole  bore  of  the 
tube,  and  driving  blocks  of  water  before  it,  very  much  as  was  the  case  with 
the  pistons  of  the  old  fastiioned  chain  pump.  The  action  is  illustrated  hj 
Kelly's  experiments  {at  sufird).     Here,  we  find  that : 

\iv„  be  less  than  12  feet,  per  second,  the  flow  in  a  5-iach  pipe  is  dbtinctlv 
cydic 

The  results  are  as  follows  : 


•. 

Period  of  the 
Cycle. 

Time  pet  Cycle 

during  which  W«ter 

%^  lifted. 

- 

Efieiray. 
H.P.  WaterniBcd 

Ft  per  See 

576 

3  mins.  30  sees. 

50  sees. 

8-,8 

0-141 

760 

■»  mins. 

I  mm.  15  sees. 

6-8« 

0-176 

I  min.  IS  sees. 

I  rain. 

6-36 

0-197 

ia-80 

Flow    is    continuous,    but    the 
volume  delivered  varies  mo- 
mentarily 

4'95 

o-2;s 

14-40 

S'47 

0-J49 

Thus,  in  the  first  four  (certainly  in  the  first  three)  experiments,  the  air 
acted  like  a  series  of  pistons.  In  the  fifth,  the  air  and  water  issued  thoroughly 
mixed. 

The  maximum  efficiency  occurs  at,  or  near,  the  velocity  at  which  the 
mixture  first  becomes  complete.  Thus,  the  determiaatior  of  the  value  of  »„ 
at  which  piston  action  ceases,  and  emulsion  delivery  begins,  is  very  important, 
and  the  size  of  the  pipe  should  be  determined  so  that  the  desired  delivery  is 
then  obtained. 

So  far  as  our  present  knowledge  extends,  the  value  of  v„  at  which  the 
change  occurs  depends  only  upon  the  siie  of  the  rising  main. 

The  following  figures  arc  obtained  from  : 

Jossd's  experiments  with  H-|-3=I20  feet  (approx.) : 

Piston  action  ceases  when  v,,  is  less  than  5*60  feet  per  second,  in  a  pipe  of 
a  J  inches  diameter. 

Piston  action  ceases  when  ziqis  less  than  7'30  feet  per  second,  in  a  pipe  of 
3  inches  diameter. 

Kelly's  experiments  with  H+!=3io  feet  (approx.)  giVc  ; 

Piston  action  ceases  when  v,,  is  less  than  11 '8  feet  per  second,  in  a  jHpe 
of  4  inches  diameter. 

Piston  action  ceases  when  Vr,  is  less  than  127  feet  per  second,  in  a  pipe 
of  S  inches  diameter. 

Further  details  cannot  be  given,  but  these  values  are  believed  not  to  be 
greatly  in  excess  (jf  the  velocities  at  which  the  change  from  piston  to  emulsion 
motion  occure. 

Thfe  above  figures  show  that  if  high  efficiency  is  desired,  the  volume  of 
water  delivered  by  an  air  lift  pump  is  not  very  greaL 
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For  example,  take  a  5-iDch  pipCt  and  assume  that : 

H— 100  feet,  or  ^1—3  atmospheres  gauge,  or  60  lbs.  per  square  inch 
absolute,  n,  is  about  3.    Thus,  the  mixture  which  entet^  the  pipe  is  composed 
of  equal  volumes  of  air  and  water,  and  Vt,  should  be  about  12  to   13  feet 
per  second.    Thus,  the  volume  of  water  delivered  per  second  is  about : 
— ^xarea  of  a  J-inch  pipe— 0-875  cube  foot~S'S  gallons. 

This  method  of  proportioning  with  accurately  obtained  values  of  «,  will  be 
found  to  produce  a  very  efficient  pump.  In  practice,  however,  air  lift  pumps 
are  usually  employed  in  deep  wells,  where  space  is  limited,  and  the  pump  \% 
expected  to  lift  all  the  water  which  the  well  can  safely  yield.  Thus,  the 
efficiencies  recorded  are  nsually  smaller  than  could  be  obtained  if  more  space 
.were  available. 

In  actual  work  the  recorded  efficiency  b  usually  calculated  from  : 

Water  Horse  Power 

'**  I.H.P.  of  the  cylinder  of  the  air  compretsor 

which  is  prpbably  about  o'9o,  of  the  true  efficiency  of  the  air  lift  alone. 

Jossri  found  when  dH-HBii97  feet,  with  a  pipe  ^j  inches  in  diameter, 
that: 

Whenjj-^    iI*>o-329  to  0-256    «-r4S  to  3-48. 
Wheiij|=4    ,=.0-445  to  0-279    «=2-49  to  378. 
When  =3=- 1    ij-0'433  to  0-272    w= 3*30  to  4-67. 
With  a  iripe  3  inches  in  diameter  j 

Wheiijj-|    17-0-397  to  0307    «-2-58to3-so. 
When  g- 1     >7"0-372  to  0-311,    «=3-66to  2-17. 
Kelly,  with  Jl+Ha>433  feet,  and  a  pipe  4  inches  in  diameter,  found  that: 
Wheng-r77    Ji-<yi93  100099    «-'io-35  to  17-95. 
With  A+H =335  feet,  and  a  pipe  4  inches  in  diameter; 
WheniT-i-63    5-0-243  to  0-218    «=78to8-i. 
When  fj"i-Si    ij-o-i39  to  0-123    «=irSto  ija* 
Whenjj-l-39    q-o-242  too'i7S     «=8-2toio-S. 
With  S+M- 309'5feet,  and  a  pipe  5  inches  in  diameter: 
Wheng-r33    i)-o-293  u-6'4. 

When  £j-ro6    ij-o-300  to  0-198    «-7-3  to  lou 


"fi- 


Digilzed  by  Google 


aje  CONTROL  OF  WATER 

When  £j- 1-45    f)=o'386  to  0-234    «=3'8  to  7'i6. 

,       Wheii-jj  =  rSi    7-ci'343  to  0-321    n-S'a  10.5-68. 

With  d+H— 347  feet,  and  a  pipe  4  inches  in  diameter: 

WhenjT->i"S6    ij =0-304  to  o*  149    11=577  to  ii'8> 

With  a+H-313  feet: 

When  H="''4o    i)=o-309  to  0-175    »=5"8oto  12-60. 

The  whole  of  the  available  results  indicate  that  a,  should  be  kept  as  small 
as  possible  for  high  efficiency.  In  any  given  case,  the  best  value  of  tbe  dip  J) 
is  that  which  makes  n,  least.  This  condition  can  be  obtained  by  trial  and 
error  from  the  equations  ^ready  given. 

The  above  theory  makes  it  evident  that  when  Vt,  is  determined  by  the 
emulsion  flow  condition,  both  hr,  and  kf,  can  be  considerably  diminished  by 
ng  w* 
t  increase  the  cross-section  of  the  pipe  from  the  bottom  upirards  so 


ll) 


that  the  velocity  v""  J -v.  •^°-  is  kept  constant  where/,  is  the  pressure  at 

tbe  level  considered,  we  plainly  secure  that  the  velocity  at  every  point  is  equal 
to  Vf  Thus,  without  diminishing  Vf,  below  tbe  minimum  value  already  referred 
to,  we  can  considerably  diminish  Aj-,  and  A^  and  so  increase  the  effidencjr.  As 
an  example,  take  the  conditions  already  calculated  on  page  833. 


We  have  A,-  3S-3x(^^)  -roofcetofw 
*'-"*-9x(ijt)'-«*'»        " 


and  the  area  of  the  top  of  the  [ripe  is  o-i36x  j-t^— 0-43  square  foot,  or  say, 
9  inches  (accurately  0*74  foot)  in  diameter. 

The  principle  is  understood  to  be  the  subject  of  patents,  and  considerable 
increases  in  efficiency  have  been  reported.  It  is  doubtful  whether  the  increase 
is  as  large  as  is  indicated  by  theory,  since  the  practical  difficidties  attending  an 
exact  fulfilment  of  the  conditions  are  obvious. 

Thb  Hydraulic  Air  Compressor.— From  a  mathematical  standpoint, 
the  Hydraulic  Air  Compressor  may  be  regarded  as  a  reversed  air  lift.  Having 
a  bead  H,  available,  we  sink  a  shaft  to  a  depth  h  measured  below  tail  water 
level.  The  head  H,  is  employed  in  keeping  in  motion  a  downward  moving 
column  of  a  mixture  of  water  and  air,  of  a  length  equal  to  H+S,  and  an 
upward  moving  column  of  water  of  a  length  d.  At  the  bottom  of  the  shaft  the 
water  enters  a  large  chamber,  where  the  air  bubbles  rise,  and  are  collected 
under  a  pressure  of  0-4338  lb.  per  square  inch  (above  atmospheric  pressure}. 


ly  Google 


HYDRAULIC  COMPRESSOR  837 

TTie    relation    between    H,  and    8    is    therefore  given    by  the    equation 
(see  p.  832) : 

where  hj,  is  the  bead  lost  by  friction ;  and  h^  is  the  head  Jost  by  change  of 
velocities,  and,  the  velocity  of  exit ;  both  hf  and  k,  being  measured  in  feet 
of  water. 

,  34+a 

34 


K,  is  equal  to  ^  log, ' 


where  »,  is  the  volume  of  air  carried  down  per  cube  foot  of  water  entering  the 
compressor,  measured  in  cube  feet  at  atmospheric  pressure. 

This  equation  can  be  treated  as  indicated  on  page  S33,  and  is  best  solved 
by  trial.  The  expressions  for  A/,  and  k„  however,  differ  slightly  from  those 
given  for  the  case  of  an  air  lifi,  since  we  have  now  10  consider  not  only  the 
downward  flow  of  the  water,  but  also  the  losses  of  head  that  occur  during  its. 
upward  motion  in  the  upcast,  or  rising  shaft. 

Thus,  kf,  consists  of  two  parts,  as  follows  : 

[i)  The  friction  head  for  the  downward  motion  of  the  mixed  ur  and  water. 
This  can  be  calculated  from  the  formula:  given  for  au  Air  Lift  Pump. 

(ii)  The  friction  head  for  the  upward  motion  of  the  water  after  it  has  been 
freed  from  air.  This  is  calculated  by  the  ordinary  rules,  and  is  a  loss  which 
docs  not  occur  in  the  air  lift. 

So  also,  h„  is  made  up  of  two  portions,  as  follows  : 

(i)  The  mixture  of  air  and  water  reaches  the  bottom  of  the  shaft  with  a 
velocity  Vt,  and  (putting  aside  such  bell  mouth,  or  draft  tube  arrangements  as 

are  shown  in  Sketch  No.  143)  a  bead  equal  to  —-,  is  consequently  lost. 

(ii)  The  usual  methods  show  that  a  head  equal  to  -~  (where  *■,  is  the 
velocity  of  exit  at  the  top  of  the  upper  shkft)  is  lost.  Also,  that  a  certain 
fraction  of  -^,  is  eiqiended  in  setting  the  water  in  motion  at  the  bottom  of  this 

shaft.    These  last  two  losses  do  not  occur  in  the  air  lift. 

The  expressions  for  hf,  and  h^  are  complicated  ;  and  besides  friction  in  the 
pipes,  curve  resistances,  and  generation  of  velocity,  the  sucking  of  the  air 
bubbles  into  the  water  column  consumes  a  certain  amount  of  head. 

Regarded  merely  as  a  hydraulic  machine,  the  compressor  has  more  sources 
of  loss  to  strive  against  than  the  air  lift.  For,  on  entering  the  air  chamber,  the 
velocity  of  the  water  and  air  must  be  reduced  to  a  low  value,  in  order  to  secure 
the  liberation  of  the  entrained  air,  and  thereafter  the  velocity  must  again  be 
speeded  up  when  the  air-A'ee  water  enters  the  up-shaft. 

On  the  other  hand,  all  existing  hydraulic  compressors  are  large  pieces  of 
machinery,  an  i8-inch  column  of  air  and  water  being  a  small  compressor. 
Whereas,  an  air  lift  with  a  6-inch  column  of  air  and  water  is  a  comparatively 
large  air  lift.  Thus,  the  efficiencies  actually  obtained  are  larger  than  those 
usually  observed  in  air  lifts. 

Also,  if  we  consider  the  two  cycles — firom  free  air,  back  to  frpe  air,  in  each 
process— the  overall  efficiency  of  the  compressor  is  as  a  whole  by  far  the 
greater  of  the  two.     For  in  the  air  lift,  the  compression  of  the  air  in  the  air 
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pump  is  not  an  efficient  process,  as  owing  to  mechanical,  difliculties  the  ideal 
isothermal  compression  can  never  be  attained.  In  the  hydraulic  air  com- 
pressor, the  air  is  very  intimately  mixed  with  a  large  volume  of  water,  and  is 
consequently  compressed  isothermally,  The  efikiency  obtained  in  the  process 
of  compression  is  probably  as  near  to  unity  as  is  ever  attained  in  practice. 
The  utilisation  of  the  compressed  air  is  no  doubt  subject  to  flie  practical 
difficulties  arising  trom  possible  freezing  which  compressed  air  machinery 
(except  the  air  lift)  always  labours  under,  but  these  are  easily  obviated- by  the 
use  of  preheaters. 

Details  of  practical  application  of  the  process  are    not  obtainable.     It 
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SxrTCK  No.  243.— Hydraulic  Gompressor.   (After  Webber.) 


appears  that  many  of  the  methods  in  use  are  at  present  covered,  by  [Ktfents. 
Sketch  No.  243  shows  the  diagrammatic  scheme  usually  made. public,  bn^this 
must  merely  be  regarded  as  a  diagram. 

Literature  containing  complete  numerical  data  is  rare.  I  believe  that,  the 
papers  by  FrLjell  (Journal  of  Ike  Franklin  Institution,  1880),  and  Webber 
{Trans.  Am.  Soc.  of  Mick.  Eng.,  vol.  22  p.  599),  contain  all  that  is  of  scientific 
value.  Tests  showing  larger  efficiencies  than  Webber's  results  have  been 
partially  published  by  various  patentees.  So  far  as  the  results  of  these  tests 
can  be  checked,  they  appear  to  be  reliable  ;  and  the  improvement  obtained 
would  justify  the  use  of  the  patent,  or  more  accurately,  of  obtaining  the 
e  of  the  patentees'  special  knowledge  by  use  of  their  patent.    Never- 
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theless,  an  enginecT  who  advises  his  clients  to  pay  a  royalty  will  b«  justified  in 
obtaining  guarantees  of  efficiency  with  penalties  for  non-success. 

Let  us  now  consider  the  process  more  in  detaiL 

The  sucking  of  the  air  into  mixture  with  the  water  requires  a  certain 
amount  of  pressure  diiference,  Friiell  {ut  supra)  merely  allowed  the  water 
to  fall  freely  through  a  certain  height,  and  states  that  one  foot  head  was  lost 
thereby.  His  method  was  crude,  and  the  figures  given  by  Webber  («/  supra) 
show  that  the  head  required  to  force  the  air  through  the  orifices  varied  from 
o'58  foot  to  I-03  foot  of  water.  So  far  as  can  be  gathered,  this  head  is  obtained 
by  providing  the  entry  tube  with  a  constriction  near  its  upper  end,  thus  obtain- 
ing a  pressure  slightly  below  atmospheric  ;  the  arrangement  being  similar  in 
principle  to  a  Venturi  meter,  or  a  jet  pump  (see  p.  80). 

The  area  of  the  constriction  appears  to  be  about  o'6o,  to  075  of  the  entry 
area  \  but,  m  any  actual  case,  calculations  by  the  rules  given  under  Jet  Pumps 
are  indicated,  and  allowance  must  be  nuide  for  the  volume  of  the  air  sucked  in. 

When  the  vai;uun]  produced  by  the  constriction  is  determined,  the  gross 
area  of  the  air  orifices  is  easily  calculated  by  the  ordinary  rules. 

The  design  of  the  orifices  is  likely  to  cause  trouble.  It  is  plainly  important 
that  the  air  should  be  sucked  in  in  bubbles,  of  not  too  large  a  size.  Thus, 
there  is  a  siie  which  each  individual  orifice  must  not  exceed.  As  will  be  shown 
later,  Webber  uses  34  holes,  2  inches  in  dianieter,  and  it  may  be  inferred  that 
this  is  about  as  large  a  hole  as  Ls  advisable- 
It  is,  however,  evident  from  Webber's  values  that  «,  the  proportion  of  air 
sucked  in,  greatly  influences  the  efficiency  ;  and  it  would  appear  that  the 
greater  the  area'Of  the  air  orifice,  the  less  the  volume  of  water  which  produces 
the  best  officiency. 

The  best  efficiency  in  Webber's  experiments  was  attained  when  n—\,  or 
vas  slightly  in  excess  of  \.  Judging  from  the  indications  thus  obtained,  I  am 
inclined  to  believe  that  the  head  required  for  the  injection  of  air  was  obtained 
by  an  arrangement  resembling  a  Venturi  cone,  with  a  throat  area  about  o'so, 
10  o'53  times  the  entrance  area.  It  is  also  evident  that  the  total  area  of  the  air 
orifices  must  be  capable  of  adjustment,  so  as  to  provide  for  variations  in  the 
-water  supply,  if  good  efficiency  is  desired. 

The  mixed  air  and  water  travels  down  a  pipe  with  a  velocity  reckoned  on 
the  water  alone  of  4  to  9  feet  per  second  in  Webbet^s  case  ;  and  the  mean 
velocity  of  the  mixture  when  the  best  efficiency  was  obtained  appears  to  have 
been  about  7  feet  per  second.  Frizell's  best  results  were  obtained  when  the 
velocity  was  about  4  feet  per  second,  and  although  it  is  perfectly  evident  that  he 
never  got  enough  aii  entrained  to  secure  the  best  efficiency,  the  dilTerence  from 
Webber's  best  velocity  is  very  great,  and  it  is  probable  that  the  dimensions  of 
the  shaft  largely  influence  the  value  of  the  velocity  required  in  order  to  obtain 
the  best  results.  Friull  states  that  the  air  bubbles  rise  against  the  water 
cnrrent  at  a  velocity  of  about  075  foot  per  second,  and  that  this  should  be 
allowed  for  in  calculation.  The  friction  losses  in  the  downward  pipe  are  un- 
known. As  already  stated,  Gibson  believes  that  (when  expressed  in  feet  bead 
of  the  mixture)  they  are  about  six  times  the  feet  head  of  water  lost  in  a  pipe 
of  the  same  size  conveying  pure  water  with  a  velocity  equal  to  that  of  the 
mixture.  Friiell's  results  agree  fairly  well  with  this  rule.  His  apparatus,  how- 
ever,had  bends  and  constrictions  that  might  equally  well  account  for  the  extra  loss. 
The  bottom  of  the  dows  shaft  is  coned  out,  after  the  manner  of  a  draft  tube,  in 
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order  to  minimise  the  loss  of  head  due  to  this  velocity  of  6  or  7  feet  per  second 
as  lax  as  possible.  The  water-way  through  the  ^r  chamber  must  of  course  be 
large,  in  order  to  reduce  the  velocity  sufficiently  to  allow  of  the  babbles  rising 
up  from  the  water.  The  cone  at  the  bottom  is  evidently  intended  to  assist  this 
disengagement  of  the  air  from  the  water. 

Webber's  apparatus  is  16  feet  in  diameter,  so  that  the  velocity  is  onlv 
reduced  to  3  or  4  feel  per  second.  It  would  therefore  appear  that  a  reducdoD 
to  Frizell's  value  of  07;  foot  per  second  is  not  required,  probably  owing'  to  the 
agitation  produced  by  the  cone. 

I  tabulate  the  results  of  Webber's  experiments,  and  the  dimensions  shown 
in  Sketch  No.  243  are  those  given  in  his  paper.  If  we  take  these  restilts  as 
reliable  (and  the  work  appears  to  have  been  quite  as  good  as  is  likely  to  be 
attained  in  experiments  of  this  magnitude)  we  may  roughly  stale  that  for  about 
60  cusecs  the  best  efficiency  is  attained  with  an  air  inlet  area  of  130  square  inches. 
For  70  cusecs  the  best  inlet  is  113  square  inches,  and  for  80  cusecs  an  area  of 
106  square  inches  would  probably  give  a  better  result  than  that  obtained  with 
larger  ateas.  Now,  if  the  area  of  the  air  orifice  be  kept  constant,  »,  the 
quantity  of  air  sucked  in  per  cube  foot  of  water  b  also  constant.  Consequently, 
we  may  infer  that  the  greater  the  volume  of  water  used,  the  less  n,  should  be. 
This,  of  course,  is  merely  an  indication  that  the  terms  hf  and  A,  (which  dep«id 
on  ff),  increase  as  the  volume  of  water  used  increases,  and  that,  just  as  in  the 
case  of  air  lifts,  the  best  efficiency  is  obtained  when  the  velocity  of  the  water  is 
just  sufficient  to  produce  an  intimate  mixture  of  air  and  water  and  carry  tbe  air 
down  to  the  bottom  of  the  shaft.  We  may  also  suspect  that  somewhat  better 
results  could  have  been  obtained  with  a  more  perfect  method  of  injecting  air 
into  the  water.  I  should  consequently  be  inclined  to  design  the  quasi- Venturi 
meter  with  a  constriction  of  0-40,  rather  than  o-jo,  as  it  appeare  to  have  been 
made.  In  default  of  fiiller  details,  this  criticism  must  be  regarded  as  a 
bold  one. 

Frizell's  results  are  less  illuminating,  as  we  are  aware  that  the  arraDgements 
for  the  supply  of  air  were  bad.  They  are  also  irregular,  and  it  can  only  be 
said  that  had  be  been  able  to  inject  air  in  ratios  equal  to  Webber's  {i.t.  1  cube 
foot  of  free  air  per  4  cube  feet  of  water)  it  is  likely  that  his  efficiendes  would 
have  been  as  large,  or  possibly  larger,  than  those  obtained  by  Webber.  As  it 
was,  the  best  efficiency  obtained  was  0-52,  for  i  cube  foot  of  free  air  per  8-8 
cube  feet  of  water.  Friiell's  other  good  results  cluster  around  0-52  to  0-45,  for 
1  cube  foot  of  free  air,  per  9  to  10  cube  feet  of  water,  and  descend  as  low  as 
040,  when  I  cube  foot  of  air  per  so  to  3 ;  cube  feet  of  water  is  compressed. 

The  practical  aspect  of  the  process  seems  to  be  as  follows : 

It  affords  a  very  excellent  method  of  obtaining  power  from  lai^  volumes  of 
water,  under  a  low  head ;  and  in  such  cases  the  efficiency  of  tbe  power  plant 
is  probably  higher  than  that  which  could  be  obtained  with  the  low  speed 
turbines  that  are  alone  permissible,  since  these  cannot  be  employed  for  driving 
the  machinery  direct.  On  the  other  hand,  compressed  air  is  not  a  practical 
method  of  distributing  lai^e  quantities  of  power  over  any  large  area,  the 
theoretical  efficiencies  being  good,  but  the  leakage  losses  increasing  rapidly 
as  the  mains  grow  old.  The  practical  application  of  the  method  therefore 
appears  to  be  limited  to  cases  where  the  demand  for  power  is  concentrated  over 
a  small  area  such  as  a  factory,  or  a  pumping  station.  The  shaft  is  deep  (e.g. 
330  feet,  for  100  ibs>  per  square  inch  pressure),  and  the  first  cost  is  probably 
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equal  to  that  of  a  turbine  instaUation,  but  the  maintenaoce  of  tbe  shaA  and 
pipes  should  be  almost  negligible. 

1  am  inclined  to  believe  that  the  method  is  not  as  frequently  applied  as  it 
might  be.  The  reasons  are  obvious.  The  process  is  not  greatly  studied,  and 
the  power  is  obtained  in  a  form  which  is  very  little  employed.  It  may  really 
be  said  that  the  installation  would  require  a  specialist  to  design  it  and  the 
utilisation  of  the  power  also  requires  somewhat  special,  and  rare  experience. 

Webber's  installation  was  as  follows  : 

The  head  av^lable  varied  from  187  to  30'5  feet,  the  shaft  was  150  feet  deep 
below  the  normal  head  water,  so  that  the  air  pressure  varied  from  %%  to  54  lbs. 
per  square  inch  gauge. 

We  have: 


Head  in  feet 

Volume  of  water  in  ctisecs 

Cube  feet  of  water  per  cube  foot  of  free  atr 

Air  pressure,  lbs.  per  square  inch    . 


30-54 
62-9 

4'37 
56-8 


1993 
73'5 
4-04 
537 
64'S 


IL  OaiFicR  AS  ABOVE,  ' 


Head  in  feet 

VoluiDe  of  water  in  cusecs 
Cube  feet  of  water  per  cube  foot  of\ 
free  air  / 

Air  pressure,  lbs.  per  square  inch 
Efficiency 


S8-S 
4-58 


>9'3" 
7»-3 
4-!6 

53-9 
6rt 


187s 
84-3 


53*3 
63-3 


IIL  Orifice  as  No.  I.,  with  Thirty  j-inch  Piprs  11 
i.t.  I30  Sqcarr  Inchrs. 


Head  in  feet 

Volume  of  water  in  cusecs 
Cube  feet  of  water  per  cube  foot  of) 
free  air  J 

Air  pressure      lbs.  per  square  inch    . 
Efficiency ...... 


60-5 
4"03 


4  "30 
53-6 


527 
55  "4 
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CHAPTER  XIV.— (Section  E) 

HYDRAULIC  RAM 

Hydraulic  Ram. — Description. 

Theoretical  TsEATsssNT.—Cydti  of  operation— Period  of  escape~aosure  of  caeape 
—  Period   of  delivery—Shock   los» — "Indicator  diagram" — Observations — 


SYMBOLS 

.A,  is  the  Biea  in  square  feet  of  the  cross-section  of  the  ram  pipe. 
Og,  ia  the  aiea  in  square  feet  of  the  opening  of  the  escape  valve. 
o„  is  the  area  in  square  feet  of  the  cover  OS  the  escape  v«lve. 
«=«-D(seep.  848). 
4=»  +  D{secji.  848). 

1:4,^  is  the  cocffident  ofdischai^e  of  the  aresa,. 

CB  -I-  tm/*,  is  the  resistance  of  uie  ram  pipe  and  ddireiy  valve  (see  p.  846).    Foi  t^,  and  m 
see  p.  846, 


■Q=~j^i  is  the  coefficient  of  frictional  ledstance  of  the  ram  pipe. 

if,  is  the  diameter  in  feet  of  the  nun  pipe. 

rv  +  HT?,  is  the  aJtemaiive  value  of  c'o  +  mV  [see  p.  846). 

D  (see  p.  848).        ly  (see  p,  848). 

H,  is  the  difference  of  level  in  feet  between  the  surface  of  the  water  in  the  waildng 

reservoir,  and  the  escape  valve. 
h,  the  geometrical  diSerence  in  level  between  the  water  level  in  the  reservoir  into  which 

the  water  is  lifted  and  the  water  level  in  the  working  reservoir  plus  an  allowance 

for  skin  friction  and  other  resistaoces  in  the  rising  main. 
:*,  (see  fK84S)- 

J,  (see  p.  846). 

K-tr,  is  the  iosE  of  head  in  the  ram  [upe  b^  friction,  bends  and  entry  head  (see  p.  845). 

/,  is  the  length  of  ram  pipe  in  feet. 

mt^,  is  the  total  loss  of  head  in  the  am  pipe  and  escape  valve  (see  p.  845). 

•M^?^H;±^{seep.84S]. 

HT^,  is  I 

(** 
/  (see  p.  040J. 

Q,  is  the  total  quantity  of  water  used  in  cube  feet,  per  cycle  of  the  ram. 
Qi,  is  the  total  quantity  of  water  lifted  by  the  ram  per  cycle. 
Q„  is  the  total  quantity  of  water  escaping  through  the  escape  valve  per  cycle. 
r,  is  the  hydraulic  mean  radiui  of  the  ram  pipe. 

'    '  '       n  height  in  feet  which  the  escape  valve  cover  rises  above  its  » 
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S,,  *ad  S.  (see  p.  850). 

T..  T„  Tj,  T,  (see  p.  845). 

/,'is  Ihe  general  symbol  for  time,  in  seconds. 

r,'  Uitbe  volscity  of  WBler  in.tha^nun  pipe,  in  feel  per  second.  , 

V^i(i»velocilydefined,by,My>  =  H((eep.  846). 

v„  13  the  value  off,  when  the  escape  valve  begins  to  close,  i.e.  at »  time  T^ 

V^,  ii  the  value  of  v,  just  before  the  escape  valve  closes,  i.t.  at  a  lime  Tg  +  T,. 

if;  li  the  value  of  v,  juit  after  the  closure  of  the  escape  valve  (see  p.  S46)> 

Vmui  i*  the  maxiDium  value  of  v  (see  Sketch  No.  245). 

W,  is  the  weight  of  moving  portion  of  the  escape  valve  in  ponods. 

17,  is  the  iDet^uuiical  efficiency  of  the  ram  (see  p.  S49). 
])•',  b  the  volometiic  efficient  of  the  nun  (see  p.  849). 
X(t.ep.i,4). 

SUMMARY  OF  FORMUL-E 

(i)  Bicape  wlyeAIl  open-:. 

*=£.(H-»w»)        Thus,  v=^-  tanh  1' 

(ii)  Closure  of  escape  valve  : 


-vs 


(iii)  Delivery  valve  opeo : 


-{„„-v^-.„VJ)- 


UvsHAULiC  Rams. — This  fono  of  pumping  machine  is  qld-  The. fallowing' 
may,  seem  to  be  unduly  lengthy  if  the  present  practical  iippcH^npe  of  the  ram: 
isajone  consideredi  but  since  the  principles  laid  down,  pennit  on  approximBWiy 
CK^t  and  highly  efficient  design  to  be  obtained  with  but  little  trouble,  the 
discussion  is  not  without  value. 

Sketch,  I<Io.  344  sbows  the  essential  pprtions  of  a  hydraulic  ram  diagiwn- 
majically.  The  power  is  obtained  by  wafer  falling  fvQip  the  res«rvait  R,. 
through  the  ram  pipe  RE,  and  escaping  by  the  escape  valve  £.  Putting.aejdc 
for  futve  consideration  the  conditions  requisite  to  obtain  proper  working,  it  is 
asaumed'tbat  the  escape  valve  opens  suddenly.  The  wa^er  starts  to  flow  down, 
the  rain.pipc,  and  its  velocity  rapidly  increases  until  the  escape  valve  suddenly, 
closes.  This  sudden  cloGure  produces  water  hammer,  or  shock]  and  the  rise, 
of  pressure  thus  induced  opens  the  delivery  valve  D,  and  faeces  a  certain  \'oluine 
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of  water  through  this  valve.  This  volume  accumulates  in  the  air  chamber  A, 
and  the  pressure  existing  in  the  air  chamber  forces  this  water  up  throiq^  the 
deliveVy  pipe,  or  rising  m^n  AM,  into  the  reservoir  M.  Tbe  delivery  valve 
closes  after  a  certain  interval,  and  the  escape  valve  E,  again  opens.  Tbe 
cycle  is  automatically  repeated  indefinitely. 

Using  the  symbols  which  are  explained  later,  a  quantity  of  water  re- 
presented by :  . 

Q  -  Q.+Qt 

leaves  the  reservoir  R,  during  each  working  cycle.  A  fmction  Qt,  escapes 
through  the  escape  valve,  and  energy  equivalent  to  ti'2'5  Q>H  foot  )bs.  is  thus 
expended.  The  remaining  fraction  Qi  is  lifted  through  the  height  h,  and 
energy  equivalent  to  63-5  QiA  foot  lbs.  is  stored  up  in  the  reservoir  H.  The 
levels  between  which  H,  and  k,  are  measured  should  be  ouvfidly  itotecL  It  is 
hoped  that  the  discussion  which  follows  will  dear  up  any  uncettainties  regard- 


amtUteCQuA 
atsuit<i»fiilicrBuls 

SxicTCH  No.  344.— Hydraulic  Ram,  Escape  Vtlve,  uid  Snifter. 


SagKi  ItrlHrSitttt. 


ing  the  conditions  required  to  produce  this  somewhat  mysterious  cycle  of 
operations. 

Hydraulic  rams  are  at  present  tbe  monopoly  of  three  or  four  firms  of 
specialists,  who  work  by  "practical  enperience,"  and  by  the  rule  of  didmb. 
It  is  hoped  that  the  following  discussion  will  enable  practical  engineers  to  adapt 
commercial  rams  to  varying  circumstances.  My  own  experience  on  the  subject 
is  that  a  few  careful  experiments  and  a  set  of  spiral  springs  of  graduated 
strength  (see  p.  807)  are  all  that  are  necessary, 

Theorktical  TREATUENT.—ltia  exact  theory  of  the  Hydraulic  Ram 
is  unknown,  and  is  pitifaably  so  complicated  as  to  be  useless  for  any  practical 
purposes. 

The  following  approximate  theory  has  been  experimentally  investigated 
with  great  care  by  Harza  {Bull,  of  Univ.  of  Wisconsin,  March  1908).  His 
results  show  that  it  is  sufficiently  close  to  the  actual  working  of  the  machine 
to   form    n    useful    guide    when    discussing    modificaiions    of    an    extstiog 
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The  woridng  cycle  of  a  lam  may  be  dinded  into  four  portioni : 

I.  The  escape  valve  opeiis,'water  flows  down  the  ram  tube,  and  gradually 
attains  a  maximum  velocity  at  a  time  To,  from  the  coimnence- 
ment  of  the  cycle. 

3.  The  valve  continues  to  dose,  and  is  completely  shut  at  a  time  T^+T^ 

3.  The  delivery  valve  opens,  and  water  is  forced  up  the  rising  main  for 

a  time  Tj,  the  delivery  valve  closing  at  Ta+T,+Td,  after  the 

4.  The  escape  valve  opens  at  a  time  T(,  after  the  delivery  valve  closes. 

The  vriiole  period  of  Oe  cycle  is  therefore  To+T.+Ta+T^ 

The  important  portions  are  (i),  and  (3),  and  it  is  as  well  to  note  that  both  Tt, 
and  Tn  are  veiy  smalt  if  the  ram  works  well. 

Period  I. — Let  H,  be  the  total  difierence  of  level  between  the  surface  of  the 
water  in  the  refiervoir,  and  the  esc^w  vahe.  Let  v,  be  itA  velocity  of  water 
in  the  ram  pipe,  the  area  of  which  is  A.  Let  Oo,  be  the  area  of  the  discharge 
orifice  of  the  escape  valve,  and  Ci,  its  coefficient  of  discharge,  w^ich  may  be 
considered  as  constant  during  the  time  Tg,  but  varies  during  T^ 

Then  we  have : 

Ai,  the  head  required  to  force  the  water  through  the  escape  valve  ia 
given  by : 

and  the  head  available  to  accelerate  the  velocity  of  the  water  is  ; 

H-A,-Kw« 

where  Ki^,  represents  the  head  lost  in  the  ram  pipe  by  friction,  curves,  bendsi 
and  the  velocity  of  entry  ;  so  that :  .  ■         ' 

Kw"  ■-  ^Mj+  — ^^+Head  lost  at  curves  and  elbows, 

where  /,  is  the  length,  d,  the  diameter,  and  v' C  Jrs,  the  friction  equation  of 
the  ram  pipe. 

Hence,  we  have  as  the  equation  of  motion : 


Now,  this  can  be  integrated  aa:  .  , 

"■   "-vs^+i-Vs""'.       •      ■       ■     .("> 

where    J  =  V^'"^ 
Now,  this  curve  of  v,  in  terms  of  /,  can  be  plotted  either  from  the  fitst  Jbim, 
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or  more  easily  with  tbe  help  of  a  table  of  byperbolic  tangents.     We  can  also 

plot  a  curve  showing' : 

ky  ■• i— I    at  each  instant  of  time. 

As  an  ^d  in  studying  the  general  problem,  it  may  be  noted  d»at  if  J,  is 
varied,  the  form  of  the  curve  is  not  varied.    For  example,  if  we  design  a  lam 

with  Ji,  in  place  of  J,  the  value  of  «'*/^  at  the  time  ^i,  is  the  same  as  that  in 

the  original  at  tbe  time  i  —  ^-^ ;  so  that  one  curve  pemuts  of  a  study  of 

several  rams  by  property  adjusting  the  time  and  velocity  scales.    So  also,  if 

— ,  is  not  changed,  the  curve  for  i&i,  is  onaHeted. 

Now,  in  theory,  this  motion  continues  until  ^~o,  or  H— oV*,  say. 

Actually,  however,  the  escape  valve  is  caused  to  begin  to  dose  when  v,  has 
a  certain  value,  Vk,  which  is  best  obtained  experimentally. 

We  can  thus  obtain  the  time  at  which  closure  occurs,  To+T„  and  if  *e 
assume  (as  is  very  nearly  the  case),  that  the  valve  closes  instantaneously,  we 
can  measure  Tg,  on  the  time  scale  with  a  fair  degree  of  accuracy.  I^  V^, 
represent  the  value  of  v,  just  before  the  valve  closes,  which  is  not  necessarily 
the  maximum  value  of  v,  unless  the  closure  of  the  valve  is  instantaneous. 

Period  2. — We  neglect,  as  a  Jirst  approxiiiiatioD. 

Period  3. — A  shock  occurs,  and  the  delivery  valve  is  forced  open.  The 
water  in  the  ram  pipe  now  has  a  velocity  t^,  less  than  Vw    ' 

Let  X  be  the  velocity  of  a  wave  of  compression  in  the  water  in  the  cam 
pipe,  i^-  X  is  approximately  the  velocity  of  sound  in  water  (equal  to  4700  feet 
per  second),  and  can  be  calculated  more  accurately  fiom  the  rules  giveu 
on  page  811. 

Then  ^(V.-iO  =  A+^tZ+w'w^ 

—  i46(Vh— ^)  approximately, 

where  h,  is  the  head  pumped  against,  including  friction,  and  curve  and  other 
losses  in  the  rising  main;  and  c'l^+ni'v^  are  the  fiictional  and  other  losses 
up  to  the  beginning  of  the  rising  main,  including  those  in  the  delivery  valve. 

The  resistance  of  the  delivery  valve  now  takes  the  place  of  that  of  the 
escape  valve.  In  addition,  the  resistance  of  the  small  length  of  pipe  and 
bends  between  the  escape  valve  and  the  air  chamber  also  contributes  to  tbe 
term  f'l/ +)»'»'. 

Now,  according  to  Harza's  experiments,  it  would  appear  that  m'  «  m,  and 
that  tbe  term  e'l/,  is  sufficiently  large  to  require  considcradon.  Ham 
apparently  experimented  on  one  form  of  valve  only,  and  I  am  inclined  to 
believe  that  in  consequence  his  results  apply  solely  to  a  rather  special  case. 
So  far  as  can  be  judged  from  other  experiments  on  valves  (see  p.  805),  while 
tbe  condition  m  =  m\  is  likely  (and  can  certainly  be  secured  by  gnod 
design),  it  is  not  very  probable  that  Jv'  is  at  all  large  in  a  well  constructed 
valve.    The  delivery  v^ve  used  by  Harza  is  shown  in  Fig.  6,  Sketch  No.  237. 

Nevertheless,  as  a  general  rule,  it  is  best  to  fcdlow  Harza's  investigatioD, 
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feince   il   is  quite  easy   to   put   e'  =  0,   when   applying   his  Tolmuls  to   any 
i^ven  case. 

Wc  have  as  a  first  approximation  for  the  initial  velocity  after  the  shock ; 


and  as  a  second  approximation  : 

-/  _  146V^-*_>b'(i46V,-A)' 
146"+^  {\At-vef- 

which  permits  ua  to  set  off  the  height  Z'W  =  i/,  as  the  initial  point  for  the 
curve  representing  the  period  (3),  and  it  will  be  plain  that  the  shock  has 
diminished  the  velocity  in  the  ram  pipe  by  a  quantity  re[nesented  graphically 
by  ZW  =  V»-v'. 

The  difficulties  attending  an  experimental  determination  of  this  loss  of 
velocity  by  shock  are  very  great.  The  theoretical  equations  neglect  the 
pressure  required  to  open  the  delivery  valve.  No  rules  can  be  pven  for 
calculating  this  pressure;  but  it  is  evident  that  the  delivery  valve  should  be 
designed  so  as  to  open  easily.  Thus,  this  valve  should  be  light,  and  the 
breadth  of  its  seat  (denoted  by  .-^— '  on  p.  805)  should  be  small,  and  the  load 

necessary  to  secure  its  closure  during  the  period  when  the  escape  valve  is 
open  should  be  produced  by  a  spring.  In  actual  practice,  the  loaditig  of  the 
delivery  valve  appears  to  have  little  effect  on  the  efficiency,  and  losses  are 
mainly  attributable  to  the  seat  being  too  wide.  It  is,  however,  quite  passible 
that  the  apparently  excessive  values  of  d—di,  found  in  practice  are  required 
in  order  to  secure  that  the  valve  does  not  leak  when  it  is  old  and  worn. 

The  most  important  practical  condition  is  that  the  delivery  valve  sfaoul 
be  fully  exposed  to'the  pressure  prodncedby  the-altentkm  of  velocity. 

Consequently,  a  proper  design  of  the  approach  passages  is  probably  far 
more  important  than  the  actual  load  on  the  valve. 

The  equation  of  motion  thereafter  is  plainly  : 

^;  =  -f(A+«'+«7/=)  (iii) 

where  Hana  Ukes  e  =  e^,  and  M  =  m'  =  m,  vhich  is  probftbly  n6t  absohitely 
correct,  since  the  resistance  between  the  delivery  valye  and  the  air  chamber 
should  be  included  in  these  coeffidents.  Hana'a  notation  lias  therefore  •been 
abandoned. 

The  ta/A  that  A,  expresses  not  only  the  geometrical  height  through  which 
the  water  is  lifted,  but  the  frictional  and  other  reBtsUnces  in  the  rising  main, 
shotdd'be  bone  in  mind.  These  resistances,  if  required,  can  be  estimated  on 
the  but*  that  the  velocity  in  the  rising  main  is  uniform  and'hassuch  a  value 

that  Qi  cube  feet  are  delivered  per  cycle,  i>.  at  the  ratp  -p  .f-  ?'t   . -p  ■ 

The  solution  of  this  equation  has  two  forms,  according  as  /*,'is  greater, 
or  less  than  4/1A. 
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(a)  Corresponding   to    relatively    smalt    delivery   heads :    i.e.    «*,    (p'cater 
than4MA. 

PutD-^   ^/?^^^     a-«-D,     A=*+D,    /-■«^ 

M  =  ^* 

Since  w  ■=  i/,  when  /  =  o,  we  get : 

„='fM^-J      a«d.=  °fcf,.'-^-^-*^    ..(iv) 
a«   i-M<^'  «^  ^'    i-M       2«'-    -^'^ 

and  v  =  o,  j>.  the  curve  cuts  the  time  axis  when  : 

/  =Ilog(— —  ■■  T,i,  approxjmatetr. 

This  curve  can  be  set  off,  just  as  the  curve  of  v,  and  /,  was  set  off  for  the 
first  period. 

(*)  For  relatively  high  heads,  when  *•  is  less  than  ^k, 

put  D' =  %JAfA—^,  and  3=*^,anda=  — Tj-"' 


3M  cOB/W+asini9/ 

and  J  «  -'-  log.  (cos  (5/+<.  sin  fU)-*l. 
ng  2n 

This  curve  cuts  the  time  axis  when  : 

e  -^tan~'  jj^r,  ^  "  Trt  approximately. 
(e)  The  most  usefiil  form  is  thai  obtained  when  tao.    We  gat : 


=_C=/.an-V./?-.an-V  Al  ....  («) 


In  any  particular  case  we  can  draw  the  various  curvet  obtained  by  the 
above  theory,  and  obtain  a  diagram  such  as  OXYZWO'  (see  Sketch  No.  145, 
Fig.  i)-  In  this  diagram  the  abscisss  represent  time  intervals,  and  dte 
ordinate!  the  values  of  v,  where  Av,  represents  the  volume  of  water  in  cabe 
feet  per  second  passing  through  the  tam  pipe  RE.  Thus,  if  we  consider  the 
area  B'BCC,  we  sec  that  the  total  volume  o(  water  that  enters  the  ram  pipe 
in  the  interval  B'C,  is  given  by  Axarea  B'BCC,  cube  feet. 

The  diagram  can  thus  be  considered  as  a  species  ot  indicator  digram  for 
one  cycle  of  the  ram.    Hence  we  have  as  follows : 

OX'=T(,  XX'wi'.c  velocity  in  the  ram  pipe  when  the  escape  valve  begins 
to  close.  Similarly  VY'=VBU~maximtmi  value  of  v,  attained  during  the 
valve  closure.  X'Z'=T,  and  ZZ'=V„= value  of  v,  at  the  closure  of  valve; 
and  Ax  area  OXYZZ'=Qr,    During  the  lifting  portion  of  the  cycle  we  have : 

WZ=V^— i^'=shock  loss.  Z'W=v'=value  of  v,  iriien  delivery  vthe 
opens,  and  Z'0'=Td;  so  that  Ax  area  Z'WO'=Qt 
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The  volumetric  efficiency,  ij,=S^=  AftaZ'WO^ 


and  the  mechanical  efficiency,  5=^^= --i;^ 


This  last  definition  is  thpt  known  as  Rankine's,  and  d'Aubuisson  considers 

the  mechanical  efficiency,  ,*  =  ^^% 
;  (Q,-|-Q,)H 

The  question  is  purely  a  matter  of  point  ol  view,  and  is  mentioned  solely  to 
indicate  the  necessity  of  a  definite  spedfication. 


Skbtch  No.  245. — "Indicator"  Dngntns of  ■  lUm.  ' 

RetunuAg  tn  Hana's  inilicator  diagram.  The  curve  OBCX,  is  set  out  from 
equation  Ne.-(ii),  and  the  purve  WO', -from  the  appropriate  form  of  the  three 
equations  No.  (iv),  Nos.  (v)  and  (vi).  Itl  Hana's  experiment  the  escape 
valve  was  mechanically  opened  and  closed  by  cams  on  a  rotating  shaft. 
Hence,  the  time  intervals  To,  T,  and  Ts  were  definitely  known,  and  the  only 
indefinite  portion  of  the  boundary  of  the  -diagram  was  the  curve  XYZ,  which, 
since  v„  Vnui  and  Vn  are:  all  nearly  equal,  caimot  differ  much  from  a 
horizontal  straight  line.  Under  these  circumstances  Harza's  experiments 
ilmw  that  if  the  various  constants  a,  m,  c,  e,  a,  arc  determined  ^nd  their 
RvQrage.  values,  tfsed  to  calculate  the  curves  OX,  and  WO'^  the  calculated 
yfiMtt^.ci  the.  volmpetric  and  jnechamcal  efficiencies  ag^iee  very  faitj)i  with 
the  values  obtained  by  measuring  Q,  and  Qi.  ,  , 

The  tbeM7'«ui  therefore  be  practically  an>lied  to  such,  cases  as,  Pearsall's 
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xasa,  vhcrc  the  valves  are  opened  and  dosed  b/  cftins,  worked  by  a  heavy 
pendulum  which  receives  an  impulse  at  each  swing  by  the  escape  of  a  naaD 
quantity  of  aii  from  the  ^r  leservmr.  In  many  other  caKs  the.  escape  valve 
is  controlled  by  a  swinginff  weightj  and  while  the  times  T„  T^  and  Tn,  may 
not  be  accurately  determined,  T„+T„  and  Td+T„  can  be  calculated. 


Sketch  No.  346.— Hydnolic  Ram  with  Spring  Loaded  Valves. 

In  general,  however,  the  valves  are  controlled  by  springs,  and  lie  theoiy  w 
more  complicated  !  have  investigated  the  matter  expcrimeiitally,  and  find 
that  the  following  process  permits  a  trial  value  for  the  loading  of  the  valve  to 
be  obtained. 

Calculate  Sc,  the  spring  load  on  the  escape  valve  !n  pounds,  ■•*«  it  is 
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ctoaad.  S«,  the  spring:  toad  on  the  escape  valve  in  pouada  when  it  ib  open  to 
its  fullest  extent    W,  the  weight  of  the  valve  in  pounds. 

Theni  taking  the  case  shown  in  Sketch  No.  346,  where  the  escape  valve 
opens  upwards,  we  see  that, 

S,-W=t62-sa<,H : 
gives  a  minimum  value  of  S*  as  if  Sc,  be  less  than  this  value  the  escape  valve 
never  opens. 

Again,  So- W=63-Sa,.4i    andAi=-^^ 

gives  the  value  of  v,.  Thus,  we  can  determine  XX',  and  so  fix  X.  If  the 
valve  is  of  one  of  the  types  discussed  on  page  805  a  more  accurate  value  for  v,, 
could  of  course  be  obtained  by  using  the  figures  there  given. 

No  experiments  exist  which  enable  us  to  calculate  T.,  but  it  is  plain  that  T^ 
should  be  small,  and  thus  W,  should  be  decteased.  In  my  experiments  I 
assumed  that ; 


where  f.,  was  the  maximum  lift  of  the  valve  cover. 

The  formula  has  no  pretensions  to  accuracy,  but  the  results  obtained  did 
not  conflict  with  observations  of  the  quantity  Qt,  which  will  plainly  depend 
greatly  on  the  value  of  T^  if  Ti,  is  a  large  fraction  of  T..  The  shock  loss  ZW, 
can  now  be  determined,  and  the  curve  WO',  set  off. 

In  practice,  we  can  detennine  m,  and  },  by  observing  the  steady  discbai^e 
through  the  ram  jupe  when  the  escape  valve  is  held  open,  and  similarly  n,  by 
observing  the  discharge  from  the  reservoir  M,  when  the  delivery  valve  is  open, 
the  escape  valve  closed,  and  the  lam.pipe  removed. 

The  process  is  obviously  not  as  accurate  as  Hana's,  but  the  practical  results 
are  good,  and  after  three  or  four  trials  an  increase  of  10  to  ij  per  cent,  in 
efficiency  can  usually  be  obtained. 

Also,  if  Q(,  be  observed,  a  check  on  the  value  of  Tg+Ti,  is  obtained,  and 
similarly  if  Qi  be  observed,  a  check  on  the  value  of  To,  is  obtained. 

The  valve  shown  in  Sketch  No.  244  is  probably  too  heavy,  but  eiccellently 
illostrates  the  principles  of  good  design,  since  the  rubber  beats  produce  a 
certain  increase  in  Sg,  without  any  increase  in  Sg,  and  the  form  of  the  valve 
cover  secures  a  lai^  value  of  the  ratio  — .  Similarly,  in  the  valve  shown  in 
Sketch  No.  246,  Sb  can  be  increased  as  necessary  by  lif^ng  the  startit^  lever, 
while  Sg  does  not  depend  upon  So  So  &r  as  my  experiments  go  good  efficiencies 
are  usually  obtained  with  Sg,  only  a  Httle  greater  than  the  minimum  value,  and 

S.-W,  about  75  per  cent,  of  S,-W,  but  the  ratio  ^  is  more  important.    The 

delivery  valve  load  should  be  as  small  as  is  consistent  with  preventing  water 
from  lukii^  back  ihrough  it 

In  preliminary  calculaticnts  we  may  take  the  values  given  by  Eytclwein. 

Tj=o'6s  period  of  complete  cycle. 

T.-o-io 

Td=020 

T,-0OS  »  n 
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Fig.  3,  Sketch  No.  345,  sham  a  diagram  calculated  tot  a  case  of  spriog 
loaded  valves,  by  the  methods  detailed  aborc  ;  t^  only  axumptioB  made  was 
that  ^1=  Vmu=V,,s  and  the  calculated  and  experimental  lenilts  ^[veed.  within 
2  per  cent  The  average  eiror  was  found  to  be  abont  8  par  ctnt.,  but  tbe 
efficiency  could  usually  be  predicted  within  5  per  cent  after  tbe  first 
experiment. 

Practical  Rvz.bs.-—T\k  function  of  the  air  chamber  b  merely  to  absort) 
shocks,  and  to  keep  the  water  moving  steadily  forward  in  the  rising  main 
Since  the  ram  is  in  essence  a  shock  producing  machine,  the  air  chamber  is  a 
most  important  factor  in  producing  smooth  working ;  and  great  care  most  be 
taken  to  keep  it  well  charged  with  air.    See  Snifter  ia  Sketch  No>  244- 

The  size  of  tbe  ram  pipe  is  usually  calculated  so  as  to  paw  at  least  tfaice 
times  the  available  quanti^  of  water  uider  tbe  working  head  H. 

The  length  of  the  ram  pipe  is  often  taken  as  : 

Length  of  ram  pipe— Total  vertical  height  between  the  escape  valve  aod  tbe 
reservoir  M=H+A. 

If  we  modify  this  by  including  as  allowance  for  friction  in  the  vertical 
height,  the  rule  agrees  very  fairly  with  successful  practice. 

For  small  values  of  H,  however,  this  rule  gives  somewhat  shorter  ram  pipes 
than  are  found  necessary. 

Claihe  suggests  as  follows  {ffydraulic  Rams,  p.  54) : 

H     ..3ft3ft.4ft-5ft.6ft.7t-  8ft.9&iofL 

/—Ax  .    .    3         3'8       1*65       3'4{       3'3S       s'o  1*85       1*65       i'S 
iih,  exceeds  loo  feet ; 

/=Ax.    .   3-5      3-35       3*0        2-8        3-6       3-5  rij       2'i       xo 

and  states  that  while  shorter  lengths  wotfe  sacceasfully,  trouble  is  experienced 
in  adjusting  the  valves. 

The  delivery  pipes  °'  rising  main,  should  be  proportioned  according  to  Hie 
ordinary  rules.    A  rule  of  thumb  is  : 

For  \tms  distances  ; 

_.               Diameter  of  ram  pipe 
DiamelerK £-•— 

For  short  distances : 


The  air  chamber  is  usually  jnrtpoitioned  by  the  mle : 

Volume — 3  X  area  of  delivery  pipe  y.  length  of  rising;  main. 

It  is  plain  that  if  the  air  chamber  can  be  {iropoitioned  so  that  its  period  of 
oscillation  is  a  fraction  of  the  period  of  the  ram  cycle,  so  much  the  better. 

It  seems  needless  to  enter  into  such  details  as  the  precautions  necessary 
when  impure  water  is  used  to  lift  the  pure  article  for  huntan  consumption.  So 
far  as  I  can  ascertmn,  no  appreciable  loss  of  efficiency  occurs  in  such  cases. 

The  theoretical  investigation  has,  I  think,  made  it  obvious  that  the  escape 
and  delivery  valves  should  be  as  light  as  possible,  and  that  the  easier  the 
delivery  valve  opens,  the  better.  I  append  a  very  excellent  design  (Sketch 
No.  246). 
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The  efficiency  of  a  well  designed  ram' is  hi^,  e^.  the  B0II&  ram  at 
St.  Julien  1e  Vxublanc,  wheie  A=4S'9  feet,  H  =  ii'5  feet,  7t>i6'i  per  cent. 
The  mechanical  efficiency  is  80*$;  or,  if  friction  in  the  rising  main  is  allowed 
for,  817  percent. 

At  Vernon,  h=a,Tl  *«ti  H  =  39-4  feet.  The  mechanical  cfficiency=66'9 
per  cent,  when  allowance  is  made  for  friction. 

Hana's  results  show  that  a  ram  with  a  ram  pipe  two  inches  in  diameter 
can  be  adjusted  so  as  to  have  an  efficiency  exceeding  60  per  cent  over  a  very 
wide  range  of  head.  Considering  the  size  of  the  machine,  it  may  be  inferred 
that  a  carefully  adjusted  ram  is  probably  one  of  the  most  efficient  hydraulic 
machines  in  existence.  r.  -      . 
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CHAPTER  XIV.— (Section  F) 
RESISTANCE  TO  MOTION  OF  SOLID  BODIES  IN  WATER 

RcstSTANCB  TO  Bodies   Movinc  in   Water.— Friction  of  a  flat  body  monog  in 

water— Froude'a  experiments. 
Resistance  to  a  Body  Movikg  in  a  Pipe. 
FricUon  at  RotatllV  Dlacm. — Unwin's  eipetiments  at  low  velodtiea — Table — GnMon 

and   Shan't  experimenU  at  higfa  velocities — TaUe — Influence  of   tempentmc — 

Avenge  values. 

SUMMARY  OF  FORMUL-E 
Boiurd  ntaving  in  water : 

FsB^— y  potwds  pet  square  foot  <see  p.  855). 


Bodf  moving  in  ft  pipe ; 


=  ^  £  ^  pounds  <see  p.  «S6)- 
4       W 


Friction  of  ft  rotating  disc  (both  «des)fi 


Frictioa  of  ■  Body  mofliiK  in  Watv.— Th«  laws  c^  Iriction  between  a  body 
moving  through,  or  post  still  water  seem  to  be  reiy  similar  to  those  between  a 
body  at  rest  and  water  moving  past  it. 

When  a  long,  straight  board  is  towed  in  still  water,  it  is  found  that  the 
first  three  or  four  feet  ezpeiience  a  greater  resistance  per  square  foot  than  the 
remainder  of  the  length.  This  is  obviously  due  (o  the  flHction  of  the  first  tht«e 
or  four  feet  having  set  the  particles  of  water  near  the  board  in  motion,  so  that 
the  velocity  of  the  remainder  of  the  board  relative  to  the  water  surrounding  it 
is  diminished.  This  effect  is  not  likely  to  occur  if  the  water  is  moving 
sufficiently  fiast  to  have  a  turbulent  motion,  tmless  the  sur&ce  of  the  board  is 
abnormally  rough. 

*M 
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The  following  fignm  are  given  by  Probde  {Report  on  FricHonst  Resistance 
of  Water  on  a  Surface,  see  also  Entye.  Brit.,  article  **  Hydromechanics  "),  for 
boards  with  sharp  ends,  towed  in  water  ; 

The  resistance  in  pounds  per  square  foot  of  area  is  : 

F— _/%»"=  B^^—l    where  B  is  the  value  of  F,  when  f>  lo  feet  per  second. 


Lei^th  of  Surface,  or  Distance  from  Cuiwwer  in  Feet. 

Chuacter  of  Surface. 

Two  Feet. 

Eight  Feet. 

, 

B 

C 

. 

B 

C 

Varnish      . 

2-O0 

0-41 

0 

39 

■■85 

f'S'S 

0-364 

Paraffin      . 

038 

0 

37 

■■94 

o-3"4 

0-360 

Tinfoil 

j-i6 

030 

0 

'95 

1-99 

0-378 

0-263 

rnliro       .        .        ^ 

I '93 

0-8; 

0 

Ti 

1-91 

0-636 

0-504 

Fine  sand  . 

2'00 

o-8i 

0 

690 

3-00 

0-583 

0-450 

Medium  sand    . 

3-00 

0-90 

0 

73° 

a -00 

0635 

0-488 

Coarse  sand 

i-oo 

i-io 

o-88o 

aoo 

0-714 

0-520 

Twenty  Fee 

- 

FlIiyFeet. 

n 

,B 

c 

B 

c 

Varnish     . 

'■85 

0 

278 

0-140 

■■83 

0-350 

0.-336 

Paraffin     .        . 

1-99 

0 

fjl 

0-J37 

Tinfoil       ... 

1-90 

0 

262 

0-244 

.-83 

0-246 

0-332 

Calico        .    ■    .        . 

1-89 

0 

53' 

0-447 

■  -87 

0-474 

0-433 

Fine  sand  . 

a-oo 

0 

480 

0-384 

3-06 

0-405 

0-33? 

Medium  sand    . 

a -00 

0 

534 

<'-46S 

a-oo 

0-488 

0-456 

Coarse  sand 

2-00 

6-588 

0-490 

The  values  of  3i  g;ive  the  average  resistance  over  the  whole  area  of 
the  board  of  the  given  length,  in  pounds  per  square  foot,  at  10  feet  per 
second. 

The  values  of  C,  give  the  resistance  under  the  same  circumstances  of  one 
square  foot  at  a  distance  from  the  cutwater  equal  to  the  length  given  at  the 
head  of  ibe  ccftinuvfiw  aay  length  of  board. 

Resistance  of  a  Body  moving  in  a  Fifk.— Our  knowledge  of  the  motion 
ofbodiea  tiiecross-MCtioiiof  whicti'ts'Of  aun  odmparablfl-to-tttat  of  ttic  pipe 
through  a  jupe  filled  with  water,  is  limited. 
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CONTROL  OF  WAT^R 


%at%t  {Gluciau/r  December  14,  ^907)  gives  as  follows.: 

The  force  required  to  move  a  cylinder  of  ^meter  d\r  and  p'3  m.  (s^-j 
10  inches)  long,  wiih  a  velocity  v  feet  per  second,  througli  a  pipe  of  diameter 
^=0'oz6  m.  [say  1  inch)  is  given  by  tbe  equation  ; 


m 

t 

' 

«)•- 

f 

■ 

0-25 

1-07 

0-93 

0-74 

45' 

0-5IS 

0-4S 

3-1] 

0-83 

oj6 

5'-' 

0*56 

0-64 

157 

067 

Sorg«  also  states  that  these  figures  are  very  feirly  represented  by : 


The  theoretical  value  would  be  : 


'-(^)" 


where  c,  is  the  coefficient  of  contraction  for  the  orifice  formed  by  the  cytinder, 
and  the  walls  of  the  pipe ;  and  tbe  values  of  e,  thus  obtained,  are  tabulated 
above. 

No  experiments  exist  which  would  enable  us  to  test  these  values  irf,«,  bat 
we  may  expect  that : 

[a)  In  larger  pipes,  with  cylinders  (he  area  of  which  beare  the  same  ratio  to 
that  of  the  pipe,  the  values  of  (  will  be  somewhai  increased,  at  aniy  rate  for  the 
larger  values  of  ij. 

{p)  For  a  tbin  disc,  or  a  sphere,  tbe  values  of  |  will  be  Somewhat  less 
than  those  for.  a  cylinder  of  tbe  samerelative  cross-section. 

Friction  of  Rotating;  Discs.— For  circular  discs  rotating  about  an  axis  we 
have: 

If  afif" ,  be  the  friction  on  a  small  area  of  a,  square  feet,  moving  with  a 
velocity  of  T',- feet'  per  second,  the  fHctiotoi  moment  for  both  sides  of  the  disc 
isploinly : 


/R-' 


footlb^ 


where  »  is  the  angular  velocity  of  the  disc  abtmt.  its  lods,  and  .R,  is  its  ladiu 
in  feet. 

.     Unwin  (/'./.Cf.,  v(d>8c^{it.23i>gives.tht  iollowing  fitfurea  for  a  discnih 
a  radius  of  o'Sj  foot  rotating  in  a  cylindrical  chambci<  .. 
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CharitcteT  of  Surface. 

Value 
ofn. 

Va1u«of/x  10"  whea  the  distance 
butween  the  Std^  of  the  TAk  and 
[he  End9  of  the  Chamber  is 

liin. 

3in». 

6  ms. 
0-230 
0-247 
0-243 

07  IS 

3-S  ins. 

Clean  polished  brass 

Clean  polished  brass,  chamber"! 

coated  with  coarse  sand        ./ 
Fainted  cast  iron 
Painted  and  varnished  cast  iron 
Tallowed:  brass         .        . 
Cast  iron         .... 
Cast  iron  covered  with  fine  sand 
Cast  iron  covered  with  coarse\ 

sand / 

Cast  iron  covered  with  coarse' 

sand,   chamber  coated  with 

coarse  sand .... 

.1-85 
'■95 
1-86 
1-94 
3 -06 

2-05 
1-91 

217 

o-2i8 

0-3I3 

0587 

0-209 
0244 
0-232 

o-ziS 
0-227 
0-340 

0-638 

0-799 

Apparently  /,  is  independent  of  the  radius,  but  its  value  increases  as  the 
distance  between  the  edges  of  the  disc  and  the  sides  of  the  chamber  is 
increased. 

These  values  may  be  employed  in  the  calculation  of  the  effect  of  dead  water 
friction  on  the  wheels  of  centrifugal  pumps  and  turbines  1  and  it  should- be 
remembered  that  in  most  cases  the  distance  between  the  wheel  and  the  fixed 
casing  being  less  than  1^  inch,  they  may  be  considered  as  high. 

While  Unwin's  experiments  cover  the  greatest  variety  of  surface,  they  were 
made  at  speeds  ranging  from  67,  to  350  revolutions  per  minute  (j^.  about  10 
feet  per  second  mean  velocity).  Those  of  Gibson  and  Ryan  iP.f.C.E.,  veil.  179, 
p.  313)  being  made  at  speeds  of  4J0  to  22(xi  R.F.M,,  agree  better  with  the 
conditions  usually  found  in  modem  centrifugal  pumps. 

Messrs.  Gibson  and  Ryan  use  the  formula  given  above,  except  that  the 
thickness  of  the  outer  end  of  the  disc  is  held  to  influence  the  friction  ;  which, 
although  correct  for  the  particular  experiments  under  consideration,  does  not 
usually  apply  in  practical  examples-  - 

A  tabulation  of  Messrs.  Gibson  and  Ryan's  results  is  shown  in  table  on 
page  S58,  the  term  "  clearance  "  being  used  to  indicate  the  distance  between  the 
side«  of  the  disc,  aod  the  sides  of  the  casing. 

Messrs.  Gibson  and  Ryan  also  investigated  the, influence  of  the  temperature 
of  the  water  on  the  frictional  resistance. 

Let  P(,  denote  the  quantity  known  as  Poiseuille's  ratio  (see  p.  19)  where  : 
P,  =  -- 


if  T,  be  expressed 


i-K>'0337  T + O-00OI2 1 T' 
n  degfrees  Cetitigrade, 


0-474+0-0144/+ 0-000683'' 
if  jV  be  expressed  in  degrees  Fi^i     '  .    ' 
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Chnactei  of 

V>lue  of/x  10*  when  the  Clnmux*  k  1 

Disc 

Osi.^ 

iin. 

gin. 

liin. 
0-414 

tjin. 
©■43^ 

0-474 

Polished  brass. 

Roi^h  cast  iron. 

1-8 

0409 

0-412 

1 3   inches   in 

to 

dismeter. 

rSi 

Painted      „ 

179 
to 
i-8o 

0-360 

0-359 

0356 

0359 

Smooth      „ 

m 

to 

1-82 

0-346 

0-373 

0-438 

0-42 1 

0-471 

Uo.,   9   inches 

Painted      „ 

1-83 

o-34a 

in  diameter. 

Rough    cast 

Rough        „ 

r-9i 

0-300 

0-301 

0-297 

0-302 

iron,  1 9  inches 

Do.,  with  2  an- 

1-88 

0337 

o'337 

in  diameter. 

nular     bafHes 
\  inch  deep. 

Painted  cast  iron. 

fSo 
to 
i-8i 

0-428 

0-426 

0-4*4 

04^4 

Do.,   9   inches 

1-85 

o'ST* 

in  diameter. 

Painted    and 

Rough        „ 

I-8S 

0-353 

varnished.    la 

Painted      „ 

I -So 

0-361 

0374 

inches  in  dia- 

meter,    cast 

iron. 

Painted    and 

>i              r* 

1-83 

0-340 

varnished  cast 

iron,  9  inches 

in  diameter. 

Brass,  1 2  inches 

Painted  cast  iron, 

1-91 

0-903 

ro67 

in  diameter, 

vanes    J    inch 

with  4    radial 

deep 

vanesJin  each 

face. 

Do. 

Vanes,  J  inch 

I  "95 

A  inch.             1  inch. 

deep. 

0-668               0-687 

Let  vit,  denote  the  weight  of  a  cube  foot  of  water  at  a  temperature  /. 
Then  putting  Ri  for  the  resistance  at  a  tsraperatwe  equal  to  /  di^reci  and 
R«(  for  the  resistance  at  65  degree  Fahr- : 


"-■'..(p^ns)- 
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GENERAL  FORMVLM  859 

and  the  fijunti  tabulated  above  are  those  appropriate  to  a  temperature  of 
65  degrees  Fahi . 

The  increase  in  resistance  per  degree  Fahrenheit  at  a  temperature  near  to 
65  degrees  Fahr.  is  about  \  per  cent,  when  n  =  t'80,  and  is  inappreciable  when 
n  =  3'oo. 

In  none  of  Gibson  and  Ryan's  experiments  doe5  this  increase  amount  to 
2*S  per  cent  It  is  therefore  not  proved  that  the  correction  will  hold  accurately 
for  such  temperatures  as  1 30  or  I  jo  degrees  Fahr; 

A  study  of  their  own  results,  and  those  obtained  by  Unwin,  has  led  Gibson 
and  Ryan  to  propose  the  fvUowing  table  of  average  v^nes  of  it,  ^ad/■. 


.    C«lng. 

Mean 
Velodty 
ofDi«? 
in  Feet 

per 

10 

40 
50 

.10 

■    ao 

30 

40 

io 

Disc 
Pcdished^BSS. 

■  Disc:  ■ 

FuBttdoi 
VuniilKd  Mm- 

Diic. 
Rougfa  Cast  Iron, 

,,» 

/.IO- 

- 

Aio- 

- 

/«.o< 

Smooth,    i.e. 
machined  or 
painted 
metal. 

Rough    cast 

.  180 

\-ti 

.■86 
1-83 
i-So 

0-31 
033 
"SS 
0-37 
0-39 

o«9 
"■33 
0-37 
,0-41 

1-94 

\z 

.•84 

I -So 

1-9; 
■■94 

I -85 

036 
o-ag 
0-32 
»'3S 
0-37 

o'»7 
o»9 
0-31 
o'33 
"■SS 

2-0O 
■  •96. 

I-9I 

1-86 
r8i 

a-oo 
.■98 
.■96 
■■93 
■■91 

"3 
017 
0-31 
0-37 
0:43 

0-26 
"■'7 
0-38 
0-29 
0-30 

These  results  cover  all  practical  cases,  aod  serve  to  show  the  ( 
importance  of  keeping  the  clearances  small.  , 

1  believe  that  the  suggestions  miide  By  the'  Mithors  for  design  (ndt  ut  sitpra'i 
are  erroneous,  since  their  sketches  seem  likely  to  permit  more  leakage  to  t^ke 
place  than  b  really  permissible.  Their  principles,  however,  are  quite  sound,  and 
are  decidedly  n^iected  in;  many  modem  designs. 
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CHAPTER  XIV.— (Section  G) 

IMPACT  OF  WATER  ON  MOVING  BODIES 

I  Gbnual  Equation  op  the  Motion  of  Watbk  in  a  Tube  that  is  Movimc  in 
A  oiVKH  Man NKB.— General  oquation — EquatuKi  for  presnue  U  a  point  in  the 
tube — Application  to  tnibme  wheel — Genent  cquAtioa  of  turtuwi — PnctioU  roles 
lor  selection  of  points  of  eobry  and  exit. 
Ihfact  or  A  Stream  op  Water  on  a  Hotino  Body. — Theocetiol  eqnatians — 
Deflectioii  angles — Loss  of  head  by  shock — Ptaclkil  rales — Pelton  wbeels— Lob 
by  frjclioD  on  the  surface  of  the  body — Francis  turbine — Losi  by  change  of  velocity. 

SYMBOLS 


(see  p.  B6a). 

*  (see  p.  663.).     I   ^  (see  p.  86").        *.  (see  p.  86a).     '. 
II,  is  the  total  head  in  feet  nnder  which  thetuibine  voilfs.     '- 
:   A  suffix  notation,  is  employed  in  connection  with  Ihc  folfawiog  gynbob : 
!  Sufiii  ■,  refeb  tp  any  poiot  iAtcrmaAue  belweea  >,  and  4.     ' 

'  Suflix  <,  refefs  to  the  point  of<eiit  from  [he  vane,  oi  movkig  dhannel. 
Suffix,  I,  refeia  lo  the  inlct  oi  point  of  entry  ifUo  the  vane  or  moving  cbaniiel. 
/,  is  the  pressure  (n  feet  of  water. 

Q,  is  the  ouantityj  of  water  delivered  in  cabtc  feet  per  seoood. ' 
^   xt.is  the  a  WlBte  ivetodty  alattf  point  iti  the  movmg  body  in  feet  ^second. 
I   D,  is  the  velocity  of  the  water  relative  to  a  point  moving  with  vcloaty  u. 
m,  is  the  absolate  velocity  of  the  water. 

f\,  is  the  observed  veloaty  of  the  water  immediately  after  the  impact  is  complete,  relMive 
'  to  a  point-moving  with  velodty  W|. 

p,,  «■„  »;  (see  p.  865).        v,^Q{3ee'p,Ks). 

'r.*?tiS'(i»p.867).        ■ 

j9,  is  the  angle  between  the  poutive  direclioiks  of  u,  and  v., 

t,  is  the  angle  between  the  positive  directions  of  u,  and  »'.''' 

*,  is  the  hydraulic  efficiency  of  the  turbine. 

Si,  is  the  angle  between  the  direction  of  Vi  as  geometrically  obtained,  and  the  observed 

direction  of  V^,  i.e.  the  shock  angle. 
*,,  is  the  angle  between  PD,  and  PE,  the  actual  direction  of  V,. 
>i,  is  the  space  angle  between  v,  and  V,, 

SUMMARY  OF  FORMULA 
Energy  imparted  to  the  vane  or  jnpe : 

^-3  {uitBi  COS  Si-KeWe  COS  It)  foot  Ibs,  per  cusec. 
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GENERAL  EQUATION 

,_H^-W»'     Vf  -  Pn* 


Practical,  O'S  to  0*7  ^C5! . 

Obs«rv«tioiial,  *-        or,  i^! L, 

Loss  daring  motfan  over  the  vane ; 

ObMmtkDEl,  ^^'      or.  ?ai^'      ,/^-S. 

F«rawr'»nikfor.Ulow~:  5^::^        with  !:^=o-o266  ^  ^ 


General  Equation  of  the  Motioh  of  Watek  in  a  Tube  that  is 
MOVING  IN  A  GIVEN  MANNER.— The  motion  of  a  fluid  in  a  space  the  bound- 
ariet  of  which  are  xhemselves  in  motioa  is  a  somewhat  complex  problem. 

Since  the  surfaces  bounding  the  fluid  are  themselves  in  motion,  the  pressure 
may  be  a  discontinuous  function  of  the  co-ordinates,  and  the  general  hydro 
dynamical  equations  given  by  Euler  require  modification.  No  very  good 
investigation  exists  in  English,  although  Mise's  Theorie  der  Wassirrader  gives 
a  comparatively  simple  presentation  in  German  of  the  practical  cafe  of  a  turbine 
wheel  in  which  the  space  considered  is  rotating  round  a  fixed  axis. 

At  best,  the  proofs  are  long,  and  require  greater  mathematical  equipment 
than  engineers  usually  possess. 

The  foUowing  method  of  investigation  is  simple,  and  is  subject  only  to  the 
same  uncertainties  as  affect  the  use  of  Bemouitli's  equation  in  ordinary 
hydraulic  problems.  In  the  only  practical  application  that  has  yet  been  made 
the  results  are  known  to  be  quite  as  accurate  as  are  those  of  any  hydraulic 
calculativU)  and  tbey  are  believed  to  be  a^hcable  to  all  possible  cases. 

Consider  firf  t  the  simplest  cue  of  motion  in  one  plane,  and  measure  all 
velocities  in  ieet  per  second- 
Let  Q,  cusecs  of  water  enter  tbe  iMpe  or  moviag  space,  with  an  absolute 
velocity  wi,  at  a  point  the  velocity  of  which  is  Wf  Then,  Q,  cusecs  of  water 
must  leave  the  pipe  with  a  certain  absolute  velocity,  say  w„  at  a  point  tbe 
absolute  velocity  of  which  is  «t. 

Then,  assuming  that  there  are  no  losses  by  shock  at  entry,  or  exil^  the 
energy  imparted  to  tbe  pipe  Js : 

— -^  (tfrtfi  cos  Si~u,tt/,  cos  6,)  foot  lbs.  per  second  j 

where  Hi  and  Jit  are  the  angles  between  the  directions  of  «<,  and  Wf,  and  u, 
andiCf. 

This  equation  can  be  easily  verified  for  such  simple  cues  as  a  p^  moving 
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with  uniform  velocity  (i^^  Ut  =  h^),  by  actually  calculatiiig  the  pressares  on  tbe 
pipe.  A  general  proof  for  three  dimensional  motion  is  given  b^  Thomson  and 
Tait  {Natural  Philosepky,  Part  I,  p.  3o8).  Thus,  the  water  loses  the  same 
amount  of  energy,  and  : 

,   .  W(*  _  ,   I  w,*  ,  WfHi  cos  flt— w,«,cos  8; 

The  equation  can  also  be  transformed  by  considering  the  relative  vetodlies 
Wi,  and  Vf    We-have,  see  Sketch  No.  247  : 

V?  =  u?-^-aif—%Uia;t  cos  9^ 
and        »,*  =  u?-irw?—-iu^wt  i:x)ii  ft^ 

Thus,     p,~p,^^t=^-vL:2^. 
'^        ^         ^g 

This  equation  must  of  course  be  corrected  for  frictional  and  otiier  losses 
in  the  [Hpe,  and  also  for  any  difference  in  elevation  between  the  pobts 
represented  by  i  and  t  (see  below).  The  results  of  such  ocpetiments  as  exist  - 
(which,  for  practical  reasons,  are  mainly  confined  to  pipes  moving  unifbnnly 
or  rotating  round  a  fixed  axis)  conftrm  the  equation,  and  do  not  indicate  that 
the  laws  of  fHction  are  in  any  way  altered,  provided  that  the  velocity  of  the 
water,  relative  to  the  pipe,  is  used  when  calculating  the  fiictional  losses. 

The  questions  concerning  losses  by  shock  at  entry  or  exit  are  (Usctnsed 
m  detail  later.  For  the  present  it  suffices  to  state  that  if  hi,  represent  the 
total  loss  of  head  by  friction,  cmvature,  and  shock,  reduced  to  feet  of  water  by 
the  usual  rules,  then  : 

1g  -ig 

So  also^  if  it  be  desired  to  ascertain  the  motion  at  any  point  a,  iotennediate 
between  i,  and  e,  we  have  : 

and  if  K^  represent  the  friction  and  other  losses,  and  kr,  the  height  of  the 
point  represented  b^  a,  above  the  point  represented  by  i,  then  : 

ig  -ig 

In  applying  these  equations  to  practical  problems,  two  cases  occur,  irtuch 
should  be  distingubhed  before  the  fiictionU^and  other  losstts  are  calculated. 

(i)  Open  Vane. — The  water  while  on  the  vane  has  a  free  sut&ce  o^msed 
to  constant  pressure.    Then  p\  — jf,  "pa,  so  diat  Vt,  or  Va,  can  be  calcidated. 
This  is  the  case  of  a  Pdton  wheel,  or  free  deviation  turUne.    We  have  at  mce  : 
uf-u^-{vf-o^~-ig{h\^kii 
As  a  particular  case,  we  frequently  have  tn  =  Um^Vf 
Then,  if  we  assume  Ki,  and  At  >  o, 

wj*— fa'  —  sjA^andif  A,  =  o,i'i  — Wo  — fi, 
(ii)  Closed  Pipe.— The  water  moves  in  a  closed  passage : 
Then,wi-=2    w.-9,  andfo-Q. 

Of  0(  ^ 

Tbns,^*,  mpvi  can  be  calculated. 


uf—u^    vf—v. 
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These  general  equations  can  be  applied  to  any  problem,  la  practice, 
however,  the  fondamental  equation  of  a  turbine  is  more  easily  arrived  at  by 
the  following  process.  For  distinction's  sake  (see  p.  907)  use  suffixes  i,  and  4, 
f  T  the  entry  aod  exit  soctiooa  (see  p.  877)  of  a  turUne.    Then,  the  change 
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Sketch  No.  147. — I>u{;nm(  for  Motion  on  Vanes  and  Pipes. 
I  the  moineni  of  momentum  of  the  water  round  the  axis  of  the  turbine  is 
?-5  (wif,  cos  B, — w.r^  cos  Jj)  foot  pounds  per  cusec. 
Thus,  if  tt  be  the  angular  velocity  of  the  wheel,  work  is  done  at  a  rate  of : 

^^^(Wjf.COS   Bi-If^r,  CO*  84)=^S(^j«,CO!8,-«',W,COsa4) 
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The  work  done  by  one  cusec  of  water  is  : 

62'StH  foot  lbs. 

irtiere  t  (see  p.  S8o)  is  the  hydraulic  efficiency  of  tbe  tarbine.    We  thtis  get : 

gM  =  w,«,  cos  i^-WiUi  cos  84,  ...  (i) 

and,         ,H  ^^■'^^^'+"''-'^*'+^*'-^'*  .  .  .  (ii) 

3^^  ^  a^ 

The  practical  applications  of  the  above  equation  present  but  little  difficulty 
so  long  as  the  cross-section  of  tlie  pipe  is  so  small  that  the  velocities  fc,  and  w, 
can  be  considered  as  uniform.  Judging  by  practical  experience,  no  appreciable 
error  is  introduced  provided  the  mean  values  of  -w,  and  h,  are  used  in  the 
equation,  and  the  value  of  Ug,  or  w^,  does  not  vary  more  than  5  per  cent. 
over  the  whole  area  of  ihc  cross-section  at  entry  or  exit.  Thus,  the  partial 
turbines  considered  later  should  not  have  a  radial  breadth  gready  in  excess  of 
one-tenth  of  the  mean  distance  of  these  areas  from  the  axis  of  the  turbine. 
The  selection  of  the  precise  points  or  sections  of  entry  and  exit  is-more  diOicult. 
The  method  given  on  pt^e  907  leads  to  correct  results  in  every  case  which  I  ha^-e 
been  able  to  test  thoroughly,  but  observations  on  turbines  are  hardly  sufficiently 
precise  to  en^le  a  definite  statement  to  be  made ;  and  if  shock  at  entry  or 
exit  occurs,  the  figures  obtained  by  any  process  are  only  comparative.  As 
a  rule,  we  are  justified  in  stating  that  any  difference  between  the  results  of 
theory  and  experiment  is  to  be  attributed  rather  to  an  erroneous  selection 
of  the  sections  of  entry  and  exit,  or  to  neglect  of  shock,  than  to  any  defect  in 
the  theory. 

The  matter  is  very  excellentiy  discussed  by  Gelpke  ( Turbinen  und  TurHmtM- 
onlagtM,  p.  57),  who  states  as  follows  : 

(i)  When  the  water  entirely  fills  the  space  between  two  consecutive  guide 
vanes,  take  the  points  O,  and  a,  as  corresponding  to  complete  entry,  and 
complete  eat  (see  Fig.  3A,  Sketch  No.  a6i,  p.  916). 

(ii)  Where,  however,  as  in  Fig.  3B,  the  water  does  not  entirely  fill  the  space 
between  the  vanes,  the  points  of  complete  entry  and  complete  exit  are  those 
corresponding  to  e,  and  a. 

The  reasoning  is  obvious,  and,  so  far  as  experimeot  can  inform  ns,  it 
is  correct. 

Subject  to  these  remarks,  equations  No.  (i)  and  No.  (ii)  may  be  considered 
to  be  rigidly  proved,  and  as  only  subject  to  errors  produced  by  the  non-uniform 
distribution  of  velocity  over  the  cross-sections  of  the  water  stream,  such  as 
have  already  been  discussed  when  considering  Bernouilli's  equation. 

■   The   general   equation   for  a   Pelton   wheel   can  be  obtained   in   precisely 
the  same  manner.    The  only  difference  which  needs  to  be  considered  is  that 
since  the  jet  is  under  atmospheric  pressure  throughout  its  whole  motion  : 
pi-=p,^  atmospheric  pressure 

Consequently: 

V  =  »*'  -  (»('  -  ««*)  -  2^*1 + A.) ; 
which  permits  us  to  calculate  -Vr  when  kt  has  been  obtained. 

Smock  or  impact  Losses.— In  the  abo%-c  discussion  we  have  assumed 
that  no  shock  or  impact  losses  occur  at  entry.  The  geon^trical  eonditirai  for 
this  is  plainly  that  the  direction  of  Vi  shall  be  the  same  as  the  direction  of  the 
tangent  to  the  vane  or  pipe  a 
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Let  OS  DOW  osiiMM  that  vt  u  dttcnnined  by  dM  teloctty  triaagle  makes  an 
angle  4<  with  thiE  dnecboo.  Aa  will  later  appear,  9%  nay  i>e  a  ipace  angte,  is. 
detsrminabke  by  Airee  diraeaaMUil  geoaetiy  aidy. 

The  boat  method  of  asceitaiirinf  v  (i^.  c^  Va  or  V()  is  die  ordinofy  diagram 
cf  velocities,' abd  is  best  expressed  by  statiag  that  the  line  Tei»esentiag  w  is  the 
diagonal  of  the  paialUlogiani  fanned  by  «  and  v.    Or  in  vector  nMation^ 
Vector  W  ■■  Vector  w+Vettor  v. 
fhe  circumstances  which  occur  during  the  motion  of  water  over  an  open 
vane  (f.g.  a  Pelton  wheel  bucket)  are  shown  on  the  left  hand  of  Sketch  No.  247. 
The  full  line  diagrams,  with  undashed  symbols  for  velocities,  show  how  exit 
occurs  when  Ut  =  ut.    Theoretically,  we  then  have  : 
With  no  shock  at  entry,  Vi  «  V|. 

With  shock  at  entry,  v,  »  vi  cos  61  =  Vi,  say  in  practice. 
.    The  dotted  line  diagrams,  with  dashed  symbols  for  velocities,  refer  to  a  case 
where  «t,  differs  from  ut.    According  to  the  theory  we  then  have  : 
With  no  shock  at  entry,  v,*  ■»  v^+{u,*—uf). 
With  shock  at  entry,       v,*  ->  w**  cos*  tfj + («,■ — m*) 
or,  in  practice,  =  Vi' +(«,*— «((*). 

In  practice,  these  equations  require  correction  for  friction  and  other  losses 
occurring  during  the  motion  on  the  vane.  Thus,  v^  will  generally  be  less  than 
the  theoretical  value-  Obeervation,  however,  shows  that  when  shock  at  entry 
occurs,  Vu  the  observed  relative  velocity  just  after  entry,  is  usually  greater  than 
Vi  cos  tf( ;  hence  the  effect  of  the  vane  losses  may  be  marked  by  a  decrease 
in  the  shock  loss.  The  right  hand  side  of  the  Sketch  shows  similar  diagrams 
for  motion  through  a  closed  tube.  The  circumstances  at  exit  are  less  compli- 
cated, since  the  ratio  -',  is  determined  by  the  cross-sections  of  the  tube  at  entry 

and  exit^  The  entry  condition*t  howeveiv  are  more  complex.  .Negtocting  for 
the  present  the  difficulties  introduced  by  three  dimensional  motion,  let  u*  coo- 
sider  geometrically  shockless  entry. 

Put  t/i  1=  ^  a>d  let  fit  deiuMe  the  geametrically  obtaihed  value  trf  the 
relative  vdocityat  entry.  If  v,,  be  greater  than  -n't,  the  tube  is  not  filled,  and 
if  ft,  "be  less  than  Vt,  splashing  occiira.  '  In  practice,  however  (e.g.  Francis 
turbines),  the  tube  (or  wheel  cell)  is  not  isolated,  and  the  jet  is  bounded  byrigid 
surfaces  (guide  vanes  and  crowns).  Thus  usually,  the  tube  is  filled  at  entry, 
and  an  increase  or  decrease  of  pressure  equivalent  to 

*^^:i^  feet  occurs. 

Tlws,  in  reality,  the  entry,  ahhough  geometrically  shockless,  is  probably 
attended  by  a  certain  loss  of  head  (compare  p.  798)  caiised  by  incomplete  coii- 
verrilM  of  velocity  into  pressure,  or  via  vena.  A  similar  loss  is  possible  trbeti 
sffock  at  entry  occurs  ;  the  equations  are  as  above,  exce^  that  Vt  cos  61  at  V,, 
must  be  substituted  for  vi. 

It  should  also  be  realised  thai  while  ihe  above  discussion  makes  a  distinction 
between  an  open  vane  and  a  tobe,  a  large  Jet  impinging  on  an  open  vane  may 
produce  a  very  fair  imitation  of  the  geometrical  (as  distinct  from  the  pressure)  con- 
ditions of  impact  into  a  tube,  by  the  interference  of  individual  portions  of  the  jet. 
55 
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Sketch  No.  248  is  iatended  to  iUuBtnite  this  case,  which  is  of  impoitaoce 
when  Fclton  wheels  with  laige  jets  (say  over  two  inches  in  diameter)  are  con- 
sidered. Let  a  jet  moving  with  absolute  velocity  vh,  along'  AP,  strike  a.  bod; 
which  is  moving  widi  absolute  velocity  itf,  along  PB',  at  P.  Then  (see  Fig.  3} 
Afi  =  Vi,  is  the  relative  velocity,  and  is  in  the  direction  CP.  But  (see  Fig.  ■ ) 
the  surface  of'  the  body  being  represented  by  the  plane  E'VEx-,  shock  occun, 
and  the  water  will  move  off  .along  DP,  the  projection  of  CP  on  this  plane,  with 
a  relative  velocity  which  is  theoretically  equal  to  vi  cos  Xf,  where  Xi  is  the  angle 
CPD.  Now,  assume  that  either  due  to  mutual  interference  of  the  various 
portions  of  the  je^,  or  due  to  the  body'being  really  a  closed  tube,  the  water  is 


Skbtch  No.  248. — Three  Dimensional  Impact. 
(I)  Perspective  Sketch.        (z)  Spherical  Diagram.        (3)  Velodly  Diagram, 
constrained  to  move  off  along  the  direction  EP,  a  fiiytfaer  shock  occurs,  and 
theoretically  the  final  rfelative  velocity  is  vi  cos  9i,  where  ' 

cos  6i  =  cos  Xi  Cos  Kt ; 
the  angle' I>P£  being  denoted  by  uf  so  that  i,'m  the  space  apgle  CE.    The 
spherical  diagram  (^ee.fig.  2,  which  has  been  turned  through  90  degrees 
around  the  normal  NP,  relative  to  Fig.  1)  shows  that  if  DPE  =  it,  we  have : 

,    Pi  cos  ^<  A  V(  cos  X(  cos  K 
and  the  Shock  loss  is,  'HlJ^ — i, 

I  have  endeavoured  to  test  the  above  theories  experimentally.  The  difficul- 
ties are  very  great,  and  the  results  were  by  no  means  concordant  In  every 
ca^e,  however,  I  was  able  to  assure  myself  that  a  loss  of  the  order  of  magni- 
tude inilicated  by  the  theory  occurred.  Thus,  while  I  believe  that  the 
numerical  rules  now  given  are  extremely  unreliable,  I. have  no  hesitation  in 
3t^tji)g.  that  the  theory  forms  a  good  Insis  for  design,  and  that  the  various 
methods  of  producing  loss  by  shock  which  are  here  indicated  should  be 
^voided  whenever  possible.    Considering  the  losses  in  detail : 

(t)  Loss  by  shock.    The  usual  theory  states  that : 
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Observatioiial  results  suggest  that  this  value  is  not  attained  until  6t  is  at 
least  40  to  50  degrees. 

For  smaller  values  of  fl*  it  appears  that  some  water  adheres  to  the  vane 
□ear  the  point  of  impact,  and  this  (probably  eddying)  mass  of  water  forms  a 
curved  excrescence,  so  that  "  shock  "  probabl)'  does  not  occur,  the  observed  loss 
being  more  of  the  nature  of  curve  loss. 

The  tests  carried  out  on  Francis  turbines  suggest  that  an  average  value  is  ; 

Loss  by  shock  =  0-5  to  07 ~ 

and  it  is  probable  that  the  coefficient  the  average  value  of  which  is  0*5  to  07 
is  really  a  Amction  of  di,  which  increases  from  o,  when  0i  —  o,  to  I  when 
61  »  45  degrees  approximately. 

Tests  of  Pelton  wheels  and  Francis  turbines  which  receive  water  over  a 
portion  of  their  circumference  only  indicate  that  the  full  value  of  the  theoretical 
loss  may  occur,  but  I  have  never  found  a  case  where  more  than  the  fiill  value 
was  obtained. 

Thus,  generally  speaking,  we  can  assume  that  V),  the  observed  velocity  just 
after  entry,  is  greater  than  vt  cos  8i,  but  is  less  than  vi, 

(ii)  Loss  by  impact  of  water  on  water.  ■ 

This  is  pendiar  to  dosed  tubes,  and  is  caused  by  vi,  not  being  equal  to  v't. 

Theoretically,  if  i^t,  is  greater  than  Vi,  and  splashing  is  prevented,  there  is 

no  loss,  but  merely  a  drop  of  pressure  equal  to  —~~ . 

Similarly,  H^i,  is  less  than  v<,  Andres'  experiments  lead  us  to  espea  that  a 
rise  of  pressure  will  occur,  but  that  the  observed  rise  will  be  about  70  to  90 

per  cent,  of  the  theoretical  value . 

I  have  observed  t>oth  the  rise  and  &11,  but  in  no  case  did  the  observed 
values  come  within  20  per  cent  of  the  theoretical 

(m)  Losses  in  the  vane  or  tube. 

These  are  analogous  to  skin  friction  and  curve  losses  in  fixed  pipes. 

Reference  is  made  to  Finkle's  (see  p.  933),  and  Eckhart's  (see  p.  937)  experi- 
ments, also  to  page  888  for  Lang's  rules. 

Farmer  {Tratts,  of  Canadian  Sec.  of  CEs.  1897,  p.  37s)  found  experiment- 
ally that 

where  A,  is  the  area  of  the  wetted  surface  of  the  vane,  a  is  the  area  of  the  cross- 
section  of  the  Jet,  and  Ve  =  B±^, 

The  form  of  the  eqtution  has  a  certain  rather  insecure  theoretical  basis. 
Details  are  not  given,  but  it  is  known  that  the  jet  used  did  not  greatly  exceed 
three-quarters  of  an  inch  in  diameter,  and  also  that  the  velocity  of  the  jet  did 

not  greatly  exceed  120  b.  per  second.    The  values  thus  obtained  when  —  —  6-6, 

range  from  0*95;  to  0947,  and  compare  so  fovourably  with  the  experiments  of 
Eckait  and  Finkle  that  1  am  inclined  to  believe  that  there  can  have  been  no  loss 
by  shock  at  entry  (i>.  the  plane  was  adjusted  until  61=0),  and  that  the  stream 
cannot  have  traversed  a  curved  path  during  its  motion  on  the  vane. 
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CHAPTER  XV 
TURBINES  AND  CENTEIFUGAL  PUMPS 

TuRBlNBS. — "Francis  Turbines" — "  Pel  ton  Wheels" — Method  of  dcTcIopiDg  the 
theory— Pftrtial  turblnea — Matheroatica]  methods  employed, 

Dbscbiption  of  a  Fkancis  TUKBif/E. — Guide  vanea  siid  crowiu — Wheel  tuici  and 
crowns — Motion  of  the  water — "  Flow  linea,"  oi  boundaries  of  partial  torbiiies — 
Arrangement  of  turbines  relative  to  the  turbine  house — References — Horizontal  and 
venic^  turbines — Multiple  turbines  with  two,  three,  or  more  wheels  on  one  shaft. 

JifOTATiot^.^-hiit  of  symbols — "  Space"  angles  and  lengths. 

Theory  OF  THE  Ideal  TUMINE.— Losses  in  the  vaiuns  portionsoftbc  watei  path— 
Piessure  at  the  various  sections  of  the  water  paih^^ieneral  equattott— Eipnasion 
in  absolute  velocities  only — Hydraulic  efficiency — Mechanical  efficiency. 

Practical  Design  of  Tuiibines. ^Ordinary  equations  relating  to  ppe  friction  are 
pobably  iQapplicable — Values  of  the  individual  losses — Methods  of  redudnc  these 
losses — Loss  by  leakage — Allowance  for  cii^re  losses  in  Che  wheel — Draft  tube 
losses — Loss  due  to  residual  velocity — Relation  between  i;  and  t — Table — Estima- 
tion of  f  when  the  loss  due  to  residual  velocity  is  givea — Example. 

Pkbuminary  Skbtch  Dssigk  of  a  Turbihe.  —ExperlraeBtal  basis  of  the  iundsnicoial 
equation — Calculation  of  the  losses  due  to  skin  friction. 

Determination  of  thb  Necbssaky  Pkofoktioi4s  and  Size  of  a  Tukeine. — 

Relation  between  the  head  and  the  angular  speed  and  horse-power  of  a  turbine — 
Classification  of  turbines  by  values  of  C — Gelpke's  eight  types — Table — Commena  — 
"Specific  speed  "^Extension  of  table^Moody's  values — Examples— Variation  of 
the  head — Modificatian  of  the  standard  types — RAle  of  turbine  designers. 
Tabulation  of  Velocities  and  Dimsksions  in  thb  Vabious  TVpss. — Quantiiies 
which  mainly  depend  on  the  speed  of  the  turbine — Dimeosions  which  mainly  depend 
on  the  borse.powei  of  the  turbine — Comments — Estimation  of  the  hydraulic  cffi- 

NvMSER  OF  Guide  Vanes  and  Wheel  Kia'sj.— Table, 

PtesuuiNAKV  Estimation  of  ths  Efficiekcy  of  a  Tuhb/ne. — Influence  of  the 

auantity  of  water  paasii^  through  the  turbine — Form  of  the  efficiency  curve — In. 
uence  of  the  speed  of  the  turbirK — Detailed  estimation  of  the  losses  in  the  guide 
vanes — Allowance  for  curvature  losses  in  the  wheel. 
Systematic  Estimation  OF  THE  Various  Losses. — Losses  in  the  draft  tube — Entry 
into  the   turbine — Losses  in  the    guide  passages— KegiUatioo — Length   of  guide 

Circumstances  in  the  Wheel. — Leakage  losses— Entry  into  the  wheel — Decetmina- 
tion  of  the  shock  loss  by  selectioo  of  the  point  of  entry^^l^jmments — Passage 
throDffh  the  wheel — Panial  tntlHnes— Initial  and  final  points  on  the  turbine 
boundaries~-Detennination  of  the  intermediate  portions  of  the  boundaiies — Kapbui's 
method— Criticism^N umber  of  partial  turbines — Conditions  at  exit — "  Radial 
exit"- Definitions — Determination  of  the  exit  angles— Suramaty  of  the  exit  losses— 
Approjdmale  estinialion  of  t,  and  t,. 

Accurate  Method  of  Celfke. 

Gbomstrvof  Whxsl  VA/iEs. 

Application  to  an  Existing  Turbine. — Practical  rules. 

Mechanical  Design  of  IVrbines. ~Ead  pressures — Balancing  piston — Shafts- 
Vanes  and  crowns— Calculation  of  thickness  of  wheel  vane— .Wlwd  oowni — Wheel 
boss — Guide  vanes — Clearance  space — Bearings — Lubdcatioti. 
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T'he  Fall  Int&hsifibr. — Herschell's  theory — Comments. 

Pklton    and    Spoon    Whkele. — Description — Methods    of    regulation — Sphere    of 
utility — Siie  of  jet — Ptaetical  rules, 
(i)  TOPICAL  PbltoN  WhsblS. — Diroeosions — Ratio  of  area  of  jet  to  area  ol 
bucket — Namber  of  bucket*— Direction  of  jet  TelalivE  to  buckets — Angle  of 
impact — Angle  of  exit, 
(ii)  Sfoon   Wubbls. — Description — Dimensions — Direction    of  jet    relative  to 
buckets — Number  of  buckets — Theoretical  advantage  over  the  typical  Pelton 
wheel — Criticism — Probable  sphere  of  a  tiliiy^Probable  mlue  ofthe  etSciency 
of  Pelton  and  Spoon  wheel*. 

Notation. 

iNVESTiGATtot!  OF  TUX   EiviciENcr   OF  A  PsLTON   Whsk.— Pinkie's  method— 

Eekart's  values  for  ihe  energy  of  the  iel — Deviation  of  the  water  at  various  poiiits  of 
the  jet — Impact  losses — "Foam  and  friction"  losses — Loss  due  to  residual  oreiit  vel- 
ocity— Final  value  of  the  hydraulic  efficiency — Eckart's  values  ofthe  various  losses. 
Centrifugal  Pomps. — Theory — Estimation   of  hydraulic  efficiency — Method  of  as- 
certaining the  type  and  [»climinaiy  dimenaons  of  a  centrifugal  pump— Design  of 

Losses  by  Shock. — Design  of  guide  vanes — Practical  corrections — Variation  of  H  as  Q 
is  altered— Values  of  efficiency — Preliminary  rules — Divergences  from  turbine  de^n. 

Governing  of  Turbines. 

Water  Tower; — General  theoiy-^Solution  fcy  the  method  of  aritbmetiol  integnttoo — 
Example — Water  tower  ot  variable  cross-section — PrelimiDaiy  approximaiions — 
Hanas  method — Prellminaty  determiaation  of  the  siiC  of  the  water  tower— Lamer's 

Differential  Water  Tower.— Theory— Johnson's  investigatioD. 


The  treatment  of  turbines  given  in  this  chapter  is  almost  exclusively  regarded 
from  the  point  of  view  of  a  buyer.  The  easterns  of  turbine  mannfocturers 
are  referred  to  on  several  occasions,  and  are  almost  invariably  contrasted  with 
the  results  of  calculations.  It  is  therefore  advisable,  once  for  at!,  to  state 
that  I  consider  that  these  customs  are  logical  and  practically  desirable. 
Attention  is  drawn  to  these  customs,  for  the  very  practical  reason  that 
ignorance  or  forgetfulness  of  such  matters  on  the  part  of  the  buyer,  leads  to 
delay  and  mutual  dissatisfaction.  I  ivbuld  strongly  advise  that  every 
engineer  when  inqiriring  for  turbines  should  obtain  the  makers'  values  for  Ihe 
maximum  volume  of  water  that  the  turbine  can  pass,  and  also  the  horse-power 
then  developed.  Even  if  the  irformation  is  not  required,  the  attention  paid 
to  the  subject  in  the  reply  will  form  a  very  excellent  preliminary  means  of 
discriminating  between  the  agent  whose  information  is  derived  from  a  study 
of  catalogues,  and  the  trained  engineer  who  can  provide  valuable  practical 
advice,  id  addition  to  turbines  delivered  f.o.b. 

I  must  at  once  acknowledge  that  my  methods  of  investigation  are  largely 
founded  on  those  laid  down  by  Gelpke  [Turiitien  and  Turiinerumlageii,  lately 
translated  as  Gelpke  and  van  Cleeve,  Turiirus  attd  TurUne  Insiallatums). 
Either  thisbbok  or  Mead's  {Water  Power  Engineering)  gives  a  more  complete 
presentation  of  the  subject  than  exigencies  of  space  peimit  me  to  do. 
Indeed,  were  the  turbine  designer's  or  maker's  the  only  possible  point  of  view 
(his  chapter  would  be  incomplete,  and  in  a  certain  degree  misleading.  My 
object,  however,  is  to  treat'  the  subject  from  a  civil  engineei'G  point  iaf  view, 
which  is  solely  that  of  a  turbine  buyer. 

Thus  the  treatment  of  page  S88  et  seq.  is  intended  to  fix  the  main  dimeti' 
eions,  and  approximate  outlines  of  the  turbines  required.    The  accompanying 
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hydraulic  works  cad  be  then  designed,  aad  tender?  for  the  turbines  iovited. 
When  the  maker's  drawings  are  obtained,  the  methods  of  page  901  et  seq.  can  be 
used  to  investigate  the  designs  in  detail.  The  relative  values  of  the  divei;gences 
from  the  generally  accepted  theories  can  then  be  estimated  from  the  theory 
det^ed  on  page  916  et  seg. 

Two  defects  must  be  carefully  borne  La  mind.  No  treatment  of  the 
mechanical,  as  distinct  from  the  water  tower  (see  p.  944),  methods  of  turbine 
regulation  is  attempted.  A  mathematical  theory,  very  closely  resembling 
that  employed  in  connection  with  alternate  currents  in  electrical  design,  can 
be  developed,  and  I  intend  to  publish  the  same  shortly.  In  practical  applica- 
tions, however,  the  various  constants  cannot  be  estimated  from  the  drawings, 
and  the  makers  have  not  at  present  realised  their  commercial  value.  Thus 
the  investigation  would  fonn  no  check  on  the  maker's  guarantees. 

The  sketches  of  this  chapter  must  be  regarded  mainly  as  diagrams.  I 
have  endeavoured  to  avoid  obviously  unpractical  design,  but  in  practical  work, 
the  drawings  to  be  useful  should  be  on  a  large  scale  (usually  natural  size). 
Thus,  when  illustrating  principles,  it  has  frequently  been  necessary  to 
exaggerate  defects  to  a  degree  that  should  never  occur  in  modem  practice. 

The  mechanical  details  of  turbine  design  aje  not  considered.  In  practice 
the  strength  and  stiffness  of  the  shafts,  and  the  pressures  on  the  bearings  and 
footsteps  should  be  calculated.  These  are  usually  correct.  The  minor  details 
of  nearly  all  turbines  are  far  less  well  designed  than  is  usually  the  case  with 
engines  or  pumps,  but  1  doubt  if  a  civil  engineer  can  with  advantage  insist  on 
alterations,  and  in  practice  the  best  turbine  taydraulically  is  usually  also  the 
best  designed  mechanically. 

TuKBiNSS.— It  is  not  proposed  to  enter  into  the  question  of  the  varioos 
types  of  turbine  that  have  been  employed.  Modem  turbines,  almost  without 
exception,  &tll  into  the  two  following  classes  : 

The  inward  flow,  central  discharge  turtune,  generally  knows  as  Francis* 
turbine  (see  Sketches  Nos.  249  and  250) ;  and  the  class  in  which  a  free  jet 
impinges  on  an  open  bucket,  usually  termed  a  Pelton  wheel  (see  Sketch 
No.  262).  If  the  history  of  the  development  of  the  machine  is  alone  con- 
sidered, these  names  are  somewhat  misleading.  The  type  of  tuifoine  used  by 
Frauds  was  a  very  special  foim  of  the  iax  larger  class  now  termed  Frands 
turbines,  and  was  probably  invented  by  Boyden,  while  the  theory  of  the 
machine  (as  used  by  engineers)  was  first  developed  by  Poncelet.  Francis' 
investigations  {Lowell  Hydraulic  ExptrinunU)  were,  however,  the  foundation 
of  all  really  practical  rules  for  design,  and  'his  methods  might,  even  aft^  more 
than  sixty  years  have  elapsed,  be  generally  imitated  in  reports  on  turbine 
tests  with  great  advantage  ;  thus,  the  use  of  his  name  in  connection  with 
turbines  of  this  class  is  a  well  deserved  compliment.  The  term  Pelton  wheel 
is  less  justifiable,  as  it  is  doubtful  whether  Pelton  had  anything  other  than  a 
commercial  connection  with  the  development  t£  the  class.  The  term  is  none 
the  less  well  understood  by  engineers,  and  saves  repetition. 

The  theory  of  the  design  of  a  turbine  can  be  simply  expressed  if  we 
assume  that  the  cross -sections  of  all  the  channels  traversed  by  the  water  are 
very  small.  This  assumption  is  not  correct  in  practice,  and  the  variations  in 
the  velocities,  both  of  the  water  and  of  the  turbine,  that  actually  exist 
complicate  the  calculations.  In  order  to  apply  the  results  of  the  theory  to 
commercial  turbines,  we  are  therefore  obliged  to  consider  the  turbine  as  split 
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Qp  into  BCreral "  partial "  turbines,  of  sUcb  ai  size  that  Ac  cr6s$-4«ct1oM  of  the 
chauaela  can  be  considered  sufficiently  small  to  pennit  the  theory  va  be  ^ppKed 
to  each  partial  turbine.  Thus,  the  practical  proceaa  foe  the  'detijgn  of  a  turbfnA 
i»ally  consist!  Iit'deaigaing  four  or  live,  or  move,  partial  turbines  by  thebreticAl 
Titles,  and  dien  combining  these  into  a  practical  'machine.  So  klse,  Ihi 
matbemMical  testing  of  the  proportions  of  an  existing  tarbine  is  effected  by 
splitting  k  Dp  into  several  partial  tttrbines,  and  ascertaining  how  far  thtisii 
partial  turbiuu  depart  from  the  theoretical  fuiee.  This  book  boing  intended 
for  the  nbe  of  civil  engineers,  the  Mcond  ptnccssw  the  more  impoTtant/'-'t 
therefore  proceed  as  follows..  The  tfaeory  of  an  ideal  tvrbineof  small  crosB' 
section  isdeveloped,  and  the  methods  of  electing  the  practice  type  which 
KMMt  closely  conforms  to  local  conditi<»s  are  given,  I  then  assume  that-thtj 
fint  draft- design  of  such  a  turbine  is  selected  in  accordance  with  practical 
experience,  and  show  how  this  rough  design,  can  be  spKt  up  into  patlilil 
turbines.  These  are  then  designed:  so  as  to  accurately  conform  to  tbe  speciiri 
requirements  of  the  case,  according  to  theoretical 'rule. 

We  cani  thus  obtain  the. direction  and  shape  of  the  edges  of  the  .guid« 
and  wheel  vanes  of  the  turbine  at  any  p«nt  whicb  may  be  sdected.  The 
intermediate  portions  of  the  vanet  are  not  in  any  way  defined,  and  tfcedeBigner 
aanst  form  theaa  so  as  to  produce  a  smooth,  continuous  passage  for  the  nateri 
avoiding  any  sudden  enlargements,  or  unduly  lengthy  passages,  in  ofdeT'  to 
reduce  the  losses  of  bead  that  would  thus  be  produced. 

The  iinal  form  of  the  vases  tberefore  largely  depends  upon  the  skill  of 
tbedesigner,  and  it  may  be  necessary  to  depart  to  a  certain  extent  fhnn  the 
thcoretioai  results  in  order  to  obtain  a  well '^formed"  vane.  ' 

No  rules  for  effiKting  this  adjustraetat  between  the  claims  of  theory  and 
pnctical  necessities  can  be  given,  and  in  practical  wotk  the  final  desigd 
depends  very  lai^y  upon  the  skill  of  the  moulders,  aad  upon  the  methods 
used  in  constructing-  the  turbine.  I  therefore  prefer  to  cbnsidCr  at  tengtb 
die  practical  mctfiDds  for  ascertaining  the  degree  to  which  an  existing  tnrbiiMi 
conforms  to  the  theoretical  rules,  and  tbe' amount  of  discnpancy  between 
practice  and  theory  which  is  usually  pemussiUch 

The  hydraulic  calculations  connected  with  the  design  of '  Mrbiues' are 
coroparalively  simple,  although  the'  five-  Or  six-fold  repetition  necestitaied 
by  tbe  use  of  partial  turbines  is  tediims.  The  foct  that  the  'motion  of  the 
water  is  inthtee  dimensions,  however,  introduceis  many-geomettical  dtfficultitfs; 
stnCe  very  few  of  the  dimensions'  required  in  the  cakulatiohs  cui  be  measared 
direct  ftom  drawings  such  as  are  usually  employed  by  engineers. 

The  selection  of  the  best  method  for  dealing  with  the  geometrical  problems 
that  thus  arise  has  been  very  carcfiilly  investigated.  The  ordinary  methods 
eC  plane  figonomeiry,  or  geometrical  diagrams,  are  insufficient.  After  many 
trials,  1  have  decidMil  to  employ  spherical  trigenometry  exclusively.  The 
selection  has  been  made  for  the  following  reason.  The  method  of  geometrical 
ptojection  ^m  plan  and  elevation  dia^frams,  js  probably  clearer,'  but  actual 
trial  shows  it  to  be  more  tedioua,  Vny  few  civil  engineers  employ  the 
method  in  ordbary  practice;  and,  jiidgin|g' by  niy  own  expetietK^'  they 
would  re^wre  to  re-leam  a  meihod  which  bad  probably  been  laid  aside  on 
leaving  the.  Technical  C^ege.  On  the  other  hand,  most  civil  engineers  are 
accustomed  to  use  spherical  trigonometry  at  intervals  when  dealing  with 
surveying  problems,  and  although  they  may  have  to  recall  the  niethods,  it 
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is  prob&ble  that  this  will  entail  less  labour  than  «votild  be  iwquiied  if  tkc 
projection  method  woe  employed.  A  sktllsd  draughtsman  accnstaoAd  to 
tbiS  methods  of  solid  ^ojectioo  will,  however,  find  it  admable  to  emiilof 
tb«iB>  and  the  additionaJ  clcaness  of  conceptton  thia  gained  b  voy  great, 
t  am  ^  the  opinion  that  it  foimB  the  odef  s^isfactoEy  method  for  p«BctJcaUj 
laying  out  the  forms  of  a  turbine  vane,  and  I  taot  only  empbty  it  myicl^ 
but  believe  that  it  is  used  by  all  practical  turbine  designers.  Tbc  pvactice 
in  vogue  some  years  ago  in  Technical  Scbools  of  making'  the  stodeots  design 
and  dfaw  turbines  as  ihougb  they  were  flat  machisea  is  probably  largely 
responsible  for  the  depraved  deaigns  which  weve  then  common  in  Hagfaind. 

Description  of  •*  Franc/s  Tu&bins. — A  Francis  turtiine.in  its  sintpfesl 
form  constats  of  two  portionsi,  the  guide  crowns,  and  the  tntbine  wheel  (sec 
Sketches  Na  252,  etc.).  The  guide  crowns  are  two  fixed  circular  nags,  ismUy 
flat  and  parallel  to.eacbotker,  and  the  space  thus  eactosed  is  cut  up  by  neiHl 
sbe«ts  which  an  termed  guide  vanes.  The  crowns  and  vanes  form  a  soi» 
of  passages  through  which  the  water  pasaes,  and  their  fuoction  is  to  diiea 
and  guide  the  motion  of  the  water  so  aa  to  cauoe  it  to  arrive  at  the  wheel 
with  a  definite  velocity  in  a  definita  direction. 

Tbc  tu«biMe  wbeel  consists  of  tws  crowns,  connected  l^  coirectly  aha|wd 
sheets  of  metal  (termed  tha  wbeel  vanes),  and  the  crown  aad  vaoes  rtNale 
round  a  fixed  axis. 

A  typical  turbine  in  which  the  axi*  is  vertical  is  shown  in  Sketdi  No.  ass, 
and  it  will  be  noticed  that  while  the  gui<le  crowns  and  vanes  are  flat  [ueces 
of  metatt  the  whed,  crowns  and  vanes  are.  curved  in  a  aomewkat  complicated 
manner,  so  that  if  the  vertical  prqjoDtton  of  the  motion  is  coosidfired  tbc 
water  enters  the  wbeel  in  a  horiwotal  direction,  and  leaves  it  in  an  apftroxi- 
mately  rerlical  direction.  Skiularly,  if  the  boriiontal  piojecboa  is  coBsideved, 
the  water  leaves  the  guide  passages  with  a  motion  of  rotation  round  the  axk, 
and  enters  the  wheel  with  a  velocity  relative  to  the  whee^  which  is  hoic  or 
lew  radia),  finally  quiuing  the  wbeel  with  a  velocity  relative  to  the  wheel  which 
is  nearly  the  reverse  of  ibe  velocity  with  which  it  left  the  guide  vanes,  hot 
which,  when  the  absolute  velocity  in  ipaca  is  considered,  is  procticaUy  ntdiaL 

This .  somewhat  oMUpliiOated  deflection  of  the  water  causes  6ie  water  to 
perform  work  upon  the  wbeeL  It  wiU  be  evidcat  that  while  (he  horizontal 
piajection  of  the  ntotion  ia  imponant  in  prodttcine  woric,  the  whole  of  the 
vertical  deflection  is  relatively  unimportant,  and  is  merely  an  unfortiuatc 
necessity  due  to  thfi  ita  thai  the  water  must  get  away  from  the  whed 
somewhere. 

The  motion  of  the  vratcr  through  the  guide  crowns  and  wbeel  is  |dain]y 
i«  thrca  dimensions,  and  is  cKtromely  complex. 

The  lines  a-^i^,  A,A),  o'io'b,  etc  (see  Sketch  No.  249)  show  the  «K>''<ndaute 
perfections  of  tbc  motion  «£  the  water  on  the  vertical  section,  and  the  (}Mtttl 
lines  A)A|,  B,B„  similarly  indicate  the  approtunate  pfojections  erf  die  amiiaB 
of  the  water  relative  to  the  wheel  vanes  (not  the  absolute  modon  in  speoe, 
which  is  a  very  different  matter,  when  the  metioD  through  the  wheel  is  cawiidered, 
and  is  shown  by  the  chain  dotted  lines).  These  projected  relative  pashs 
vill  bereafler  be  refjarred  to  as  flow  lines,  or  partial  turbine  baundnries  (see 
p.  908)^  and,  nnless  oth^wise  added,  the  term  "flow  lines*  is  rencncd  far 
ttoa  projfectiOfls  on  the  vertioal  snctioii.  ■  When  the  peoiectians  on  the  hamsBtal 
seaion  are  referred  to,,  the  "horisontat  flow  linss"  will  be  need.     Fron  a 
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brdfavlic  point  at  view^  Iho  wbudiary  pwliona  (rf  »  turbine  an 
pmMgoa,  or  o^m,  awl  (JM  egress  fwsMgw.  For  Kftsons  wh^ch  witl  tfttH 
appear,  the  egress  passages  usually  talce  the  fonn  of.  a  divCTKine  tKmic&l 
tube,  which  ia  UnBod  lb«  draft  tube. 

The  airangfcnieMs  adopted  in  practice  aM  very  warioua. .  A  aelectioa  :1a 
shnm  in  slcetiA  No.  250^  Tbia  boolc.  however,  ia  naJnly  concomed  wilh 
the  iteHgn  rukar  tkui  with  the  arrangement  ot  twbines.  Thft  worka  oS  G«lpka 
{TmHmntmd  Tt$riiHmaniagen^'W!tgKnlo»Kh  {Nntere  TwHfUfMMiagwn),  and 
IfaiT  {Turbinen)  may  be  consulted  with  advantage-  Thurso  (.Modem  Tkriiat 
Practice)  gives  a  less  complete  presentment  in  English,  but  the  three  German 


Skktch  Nc.  249,— Motion  of  Water  thiough  a  Twbbe  WheoL 


books  are  so  sxceUently  illustrated  that  a  knowledge  of  German  is  bardly 
essential  if  facts  and  suggestions  regarding  the  arrangement  of  power  houMt 
and  turbines. only  are  wanted,  and  it  is  hoped  that  the  problcinS  of  design 
are  sufficiently  dealt  with,  in  this  book. 

For  present  purposes  we  may  state  as  follows  (Sketch  No.  350) : — 
(i)  The  axis  of  the  turbine  may  be  horizontal  {Figs.  Nos.  i  and  4),  or 
vertical  (Figs.  Nos.  2  and  3),  and  the  water  may  reach  the  guide  vanes  by  an 
open  shaft  (see  Fig.  No.  2),  or  by  a  closed  shaft  (see  Figs.  Nos.  3  and  4), 
or  through  a  spiral  housing  (see  Fig.  No,  t). 

(ii)  As  many  as  eight  separate  wheels  ((.«.  hydraulically  considered,  eight 
separate  turbines)  have  been  fixed  on  one  shaft,  so  as  to  produce  a  machine 
of  eight  times  the  power  that  one  wheel  would  generate  (see  Fig.  1,  Sketch 
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No.  361).    Donble  and  triple  turbmea  (i'i^>  two  and  three  wbeels  on  a 
Fiffs.  Nos.  3  and  4)  are  comnuMi,  indeed  are  probably  quite  as  c 
the  simple  turbine  consisling  of  one  wheel  per  shaft. 

(iii)  While  in  theoretical  discussions  the  wheel  is  assumed  to  receive  water 
all  round  its  circumrerence,  cases  enst  in  which  the  guide  crowns  and  Tana 
extend  only  over  a  portion  of  the  ciicnmferencc  of  the  wheel,  so  that  the 
water  enters  along  say  one-half,  or  one-quarter,  or  an  own  smaller  fractioD, 
of  the  wheel.  Thns,  each  cell  or  wheel  passajre  runs  empty  for  a  portion  of 
the  time  during  which  it  rotates  round  the  axis. 


iki^^ 


V 


Sketch  No.  ija — Typical  Artangemenrs  of  Francis  Turbines. 


putklly  balances  the  weight  of  the  tuibine.     - 

4.  Double  hoti^ntol  turbine  with  bearings  in  the  dry. 

These  sketches  are  founded  on  actual  installations  by  the  linns  of  Rieter,  Sampson, 
Bell,  and  Excher  Wyss,  but  do  not  represent  the  detalli  accurately. 
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The  various  cross-sectioni  of  the  path  of  the  water  (biough  the  turbine  are 
defined  by  a  suffix  notation  (see  p.  879). 

SuHii  o,  Tcfen  to  entry  into  the  guide  vanes. 

Suffix  I,  Tcfcn  to  exit  &oin  the  guide  ■nxita. 

Sufiix  a,  refers  to  the  beginning  of  enti;  into  the  wheel. 

Suffix  I,  refen  to  the  definite  entiy  section  of  [he  wheel  vmnet,  m  selected  on  page  907. 

Suffix  3,  refers  to  the  completion  of  entiy  into  the  wheel'  vanes. 

Suffix  4,  refen  to  exit  &om  the  wheel,  or  entrance  into  the  draft  tube. 

In  conddering  partial  turbines  tbesc  points  occasionally  need  to  be 
diuiru^sbed.  In  such  eases  the  prefix  m,  is  used  for  exit  from  the 
wheel,  and  1,  for  entrance  into  the  draft  tube  (see  p.  gi3). 

Suffix  5,  refen  to  exit  from  [be  draft  tube. 

Soffia  S,  refen  to  the  loss  by  residual  velocity  (see  p.  883).     That  is  to  s^,  losses  after 
Che  cross-section  5,  has  been  r"«f*^ 


SYMBOLS 
The  symbols  in  alphabetical  order  are  as  follows : 

A,  denotes  the  nett  are*  in  iquue  feet,  available  for  the  passage  of  water,  measared 

nomal  to  the  directioD  of  v  (for  A<,  see  p.  883). 
a,  is  the  width  of  A,  in  feet,  Dwasiired  in  a  [duie  perpendicular  to   the  axis  of  the 

^1  is  the  width  of  A,  in  feet,  measured  In  a  plane  through  the  axis  of  the  turbine. 

B,  is  the  common  value  of  j„  f„  h^  when  these  are  alleqaal  (see  p.  S95]. 

C,  is  [he  type  constant  of  the  turbine  (see  p.  SSS). 

D,  with  a  suffix,  is  the  double  distance  in  feet,  of  any  pomt  bum  the  axis  of  the 

[uitnne. 
D,  wi[hout  suffix  (see  p.  895). 
dt,  d^,  (^  etc.  [seep.  910). 

d^,  is  the  diameter  between  crowns  of  the  wheel  at  exit  {see  p.  895). 
d^  and  D.  (see  p.  886). 

«,  is  the  suffik  refcrring  to  tliepoint  of  entry  toto  the  turlune  iriieel  (see  p.  907). 
<i,  is  the  width  of  [he  clearance,  in  feet,  between  dM  wheel  and  its  casing  (see  p.  905). 
tn  is  the  length  of  [he  edge  of  the  turbine  vane,  in  feet,  intercepted  between  two  Sow 

lines  (see  p.  917). 
E.(seep.gi8), 
/,  is  the  ratio  of  the  nett  area  A,  to  tiie  gross  area  obtained  from  geometrical  calcub[i<mt, 

when  tbe  thickness  of  vanea,  etc.  are  neglected. 
g,  is  the  aceeleiation  of  gravity  =  ^'3  feet  per  second  per  second,  in  units  now  used. 
H,  is  the  total  head,  in  feet,  under  which  the  turtrine  works. 
>,  is  the  dep[h  of  any  potnl  below  bead  water  level  in  feet. 

K,  is  the  symbol  refetring  to  the  efficiency  of  the  draft  tube  (see  pp.  797  and  903). 
i(,  as  a  prefix,  is  used  to  distinguish  the  point  at  which  eniiance  into  the  draft  tube 

occurs  fr<M»  a  near  point  on  Uie  area  of  exit  firom  the  wheel  (see  p.  gta). 
*(«eep.9i2). 

L,  is  the  lei^h  of  the  boss  by  which  the  wlieel  is  keyed  on  to  the  shaft, 
y,  is  the  len^h,  in  feet,  of  the  exit  edge  of  the  wlied  v 

consecutive  flow  lines, 
m,  is  a  prefix  used  in  dinincCion  to  i  (see  p.  913). 

m,  is  also  used  on  page  913,  for  i^ 


Digilzed  by  Google 


876  CONTROL  OF  WATER 

H,  ii  the  number  of  rerolations  which  the  tuibbe  wheel  nuke*  per  minute.      Fat  a„ 


P=i^  (see  p.  888). 

/,  with  B  suffix,  is  the  ptesanre  at  any  pcnnt,  in  feet  ol  watef  ■ 

fi,  is  the  number  of  partial  turbines, 

/n  >s  the  pressure  {nxxlucii^  leakage  between  the  wheel  and  its  caai^  (see  p.  SSj). 

fi,  (see  p.  9K)). 

Q,  is  the  number  of  cusecs  of  water  passing  through  the  whole  tarl^ne.     For  Qr,  Q» 


=  ^(«cp.889). 

,  is  the  distance  of  anjr  point  from  the  axis  of  the  tarbioe. 

-,  (see  Sketch  No.  253]. 

„  is  the  thickneaa,  in  feet,  of  a  guide  vane. 

J,  is  the  thickness,  in  feet,  of  a  wheel  vane. 

,  is  the  distance,  in  feet,  between   corresponding  points  on  two  consecatiTe 


w,  is  the  velodty,  in  feet  pet  ieeond,  of  any  point  mcrring  with  the  turbine  wheel. 

71,  is  the  velocity,  in  feet  per  second,  of  tht  water  relative  to  a  point  moTine  with  a 

Telocity  «.     For  «Vj,  tee  page  915. 
V    is  the  symbol  osed  to  include  v,  and  le,  in  fbrmuls  which  apply  to  either   r«)odry 

(see  p.  SS8). 
10,   is  the  absolute  velodly,  in  feet  per  second,  of  tlie  water  in  space.      For    ..W^ 

see  page  915. 
X,  is  a  suffix  refcTiln^  to  any  point  in  the  wheel. 
jr,  is  the  pie&x  referring  to  a  definite  partial  turbine. 
/«>£  {see  Sketch  No.  253). 
:,,  is  the  number  of  guide  vanea. 
4,  is  the  number  of  wheel  vnnea. 

In  order  to  tave  continual  repetition,  whenever  ao  ftng'Ie  or  length  ia  Feferred 
to  which  can  only  be  obtained  b;  considering  the  time  dimensions  in  space, 
the  word  "space"  is  placed  in  brackets  before  the  word  angle,  or  length. 
Thus,  the  statement  ?,  is  the  (space)  angle  between  u,  and  i/,  is  merely  a 
hint  that  j3,  cannot  be  measured  directly  from  the  general  drawing  of  the 
turbine,  but  must  be  taken  from  a  special  diagram,  or  must  be  calculated  by 
spherical  trigonometry.  Whereas,  if  the  statement  were  Pt,  is  the  angle 
between  Uf,  and  Vf,  the  angle  can  be  measured  from  the  general  drawing,  or 
can  be  calculated  by  the  ordinary  rules  of  plane  trigonometry. 

In  all  the  definitions  of  direction  given  betow,  it  is  assumed  that  the  tibatt 
of  the  turbine  is  vertical,  as  shown  in  the  sketches. 

p,  is  the  angle  between  the  positive  directions  of  v,  and  «. 

y,  is  the  angle  between  the  direction  of  u,  and  the  projection  of  »  on  the  plane  of  the 

wheel  vBQc  (see  p.  917)- 
t,  is  the  angle  between  the  poaidvc  diiectioni  of  w,  and  ». 

(,  is  the  hydraulic  efficiency  of  the  turbine.     For  (r>  see  page  90a.     Foi  tnmi,  seepage  SgiS. 
fi,  is  the  angle  between  the  direction  of  «,  and  the  intersection  of  a  Tertical  plarK  thnni^ 

the  axis  and  the  vane  plane  (see  p.  919). 
1),  is  the  mechanical  efficiency  ot  the  luibine. 
9,,  is  the  angle  between  the  direction  of  »,  and  the  intersection  at  a  hoiiioDtal  plane  and 

the  vane  plane. 
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%,  without  anfiix  is  used  Ux  the  impact  angle  (Me  p.  866). 

K,  is  the  aDgle  between  ttie  projection  of  k,  on  tbe  vane  plane,  and  the  intersection  of  tbe 

vane  pune  and  a  hoHiimial  plane  (we  p.  919). 
X,  is  the  angle  between  the  line  of  Sow  and  the  intersection  of  tbe  vaoe  plane  and  a 

horitoatai  plane  (see  p.  919). 
HI,  is  tbecoeffieient  of  discharge  of  the  space  between  tbe  trhcd.wid  Its  caslog. 
/I,  (see  p.  918). 
r,  is  the  ratio  of  the  losses  in  tbe  wheel,  as  calculated  fot  skin  Miction  only,  to  the  lame 

losses  OS  abtaiaed  experimentallj  (see  p.  901  j 

■,  i*a  coefficieotexpnBing  the  ratio  «f  the  bead  lost  by  sbock  le  the  total  sTBilable  bead 
(see  pp.  908  and  914!. 

r,  is  a  coefficient  expressing  the  ratio  of  the  losses  of  bead  \i'j  skb  tiiction,  etc.,  to  the 

total  available  head  (see  p.  879). 
#,  is  tbe  ai^le  between  tbe  line  lU  flow  and  the  projection  of  v,  on  the  vane  plane  (see 

p.  9tr). 

*(se       --"• 

X(se   .    ,     , 

a  (lee  Sketch  No.  ajj). 

Theory  of  the  Ideal  Tukbine.— The  following  theory  refers  to  a 
turbine  in  which  tbe  velocity  of  the  water  is  supposed  to  be  completely  specified 
at  each  point.  Thus,  the  dimensions  of  the  cross -sections  of  tbe  turbine,  and 
other  channels  traversed  by  the  water,  must,  in  theory,  be  indefinitely  small  in 
comparison  with  the  diameter  of  the  rotating  portion  of  the  turbine.  In  prac- 
tice, tbe  relative  size  of  the  actual  turbine  and  the  ideal  channel  for  which  the 
equations  are  correct,  is  best  illustrated  by  a  study  of  tbe  equations,  and  of  the 
"partial"  turbines  used  in  designing  work.  For  the  present  it  is  sufficient  to 
state  that  no  very  great  error  is  introduced  so  long  as  the  maximum  dimension 
of  any  moving  channel  does  not  exceed  one-tenth  of  its  mean  distance  from  the 
axis  round  which  it  rotates. 

Let  us  consider  a  turbine  and  all  its  connected  channels  (see  Sketch 
Na  251),  which  works  under  a  total  bead  of  H  feet,  i^.  let  H  be  the  difference 
between  the  head  and  tail  water  levels,  so  that  H  includes  all  losses  by  friction 
in  the  presyre  main  and  generation  of  tbe  velocity  in  the  tail  water  channel 

All  velocities  are  measured  in  feet  per  second. 

All  lengths  and  areas  are  measured  in  feet  and  square  feet 

All  pressures  are  measured  in  feet  head  of  water. 

Tbe  expression  "relative  velocity  "  means  the  velodtjr  of  the  water  idativft 
to  that  point  of  the  wheel  with  which  the  particle  of  water  considered  happens 
to  coincide  at  the  moment  referred  to.      ' 

We  divide  the  path  of  the  water  passing  through  an  ideal  torbine  into  six 
sectkme  (Sketch  No.  351): 

I.  From  the  point  where  the  water  enters  the  'caac:,  or  masoiury  housing,  of 
the  turbine,  to  die  point  where  it  completely  enters  the  guide  vanes  with  a 
velocity  Wg,  and  a  pressure  p, ;  tbe  depth  of  tbb  point  below  the  bead  water 
level  being  k^ 

The  expression  "complete  entry"  is  ambiguous,  but  for  the  present  we  nay 
consider  that  it  defines  tbe  &ist  crosfr-section  of  the  water  stream  that  is  com- 
pletely surrounded  by  the  guide  vanes  and  their,  bousing,  so  that  the  area  of 
the  stream  can  be  determined  by  actual  measurement    The  mattet  is  more 
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completely  discussed  on  page  907,  where  complete  entry  into  the  turbine  whed  is 
de6ned. 

II.  From  the  point  de6ned  as  above,  to  the  point  where  ihe  exit  from  the 
guide  vanes  begins,  with  a  velocity  w,,  and  a  pressure  py,  the  depth  bclo* 
head  water  level  being  h^.  The  beginning  of  exit  is  defined  in  the  same  >i^ 
as  the  completion  of  entry. 

III.  From  this  point  to  the  point  where  the  water  reaches  the  first  poitioa 
of  the  wheel  vanes,  with  an  absolute  velocity  ivi,  a  relative  velocity  v^  1 
pressure /■,  and  at  a  depth  h^,  below  the  head  water  level. 

IV.  From  this  point,  until  complete  entry  (as  defined  for  guide  vacci 
under  I.)  into  the  wheel  vanes  at  a  depth  h^  below  head  water  level    Tlx 


Sketch  No.  351.— Theory  of  &  Tnrtnoe. 

pressure  is  now/i,  and  the  absolute  velocity  in  space  is  iu^,  and  the  lelatin 
velocity  is  c^. 

V.  From  this  point  to  the  point  of  entry  into  the  draft  tube,  at  a  deptb  hr 
with  a  pressure  P^,  an  absolute  velodty  w^  and  a  relative  velocity  ii^. 

VI.  From  this  point,  to  the  point  of  exit  from  the  draft  tube  into  the  mi 
race,  at  a  depth  ht,  below  the  head  water  level,  with  a  pressure  Pt,  ^  ^ 
absolute  velocity  tVf. 

Strictly  speaking,  we  should  divide  Section  V.  into  two  portions  : 

V.  From  complete  entry  into  the  wheel  vanes,  to  complete  exit  from  ^ 

wheel  vanes. 

Va.  From  complete  exit  from  the  wheel  vanes,  until  the  last  poitioD  of  i|« 

wheel  vanes  has  been  left  behind  and  entry  into  the  draft  tube  at  a  depth*. 

etc.  occurs. 
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The  real  reason  for  not  regardiDg  exit  from  the  wheel  vanes  as  an  eqaally 
complex  matter  mth  entry  into  the  wheel  vanes,  is  that  the  losses  that  occur  in 
Section  \a.  are  by  no  means  as  important  as  those  that  may  oCcur  in  Section 
IV.  Also,  unlike  those  that  occur  in  Section  IV.,  the  losses  in  Section  Vit. 
will  be  found  to  be  equally  easily  investigated  when  the  whole  of  Section  V.  is 
considered  as  a  unit 

If  necessary,  the  equations  can  be  easily  written  down,  and  the  investigation 
for  a  partial  turbine  given  on  page  912  will  suffice  to  clear  vg  any  difficulties 
that  arisen 

Wc  also  de&ne : 

«i,  and  M4,  as  the  velocity  of  the  wheel  vanes  at  the  points  defined  under 
Sections  IV.  and  V. 

Nowj  f<K    all    thew  portions,  except  IV.  and  V.,  BeroouiUi's    e<tuatioo 

^— A +—— constant,  holds  theoretically  (k  being  positive  when  measured 
downwards),  and  this  equation  corrected  for  pipe  friction,  curves,  and  irregul* 
arities  in.  water  motion  due  to  sudden  enlargements,  and  sfaock,  is  applicable 
to  the  actual  motion. 

For. Sections  IV.  aad  V.,  however,  the  matter  is  less  simple.  The  question 
is  investifaled  on  p^fe  863,  and  the  equations  there  proved  are  assnowd  to 
hold.  Reference  is '  also  made  to  that  section  and  page  907  for  a  discnssioa 
of  the  questions  concerning  complete  entry  and  complete  exit 

It  will  b^  noticed  Aat  the  suffix  notation  enqitoyed  in  the  first  at  the  above 
sections  differs  &om  that  now  used,  suffix  i  being  used  for  entry  and  suffix  /  foi 
exJL  The  object  is  to  firmly  impress  the  principle  that  the  points  of  complete 
entry  into,  and  exit  from  the  wheel,  are  not  fixed,  but  must  be  calculated  afresh 
whenever  the  quantity  of  water  passing  through  the  wheel,  or  the  angular 
velocity,  are  altered.  Were  this  book  intendad  for  teaching  purposes,  a  simpler 
and  absolutely  concordant  natation  could  have  been  employed. 

In  applying  the  equations  to  the  general  theory,  it  is  convenient  to  express 
the  losses  by  friction  in  each  portion  of  the  motion,  not  in  terms  of  the  velocities 
w«,  mfj,  .  .  .  etc,  but  as  fractions  of  the  total  head  H. 

We  thus  get  as  follows : 

In  the  first  portion  we  have : 


where  t«M,  represents  the  loss  in  friction,  etCt  in  the  channels  up  to  the  point 
lepKsMited  by  the  suffix «.  .  .  . 

In  the  second  portiMi : 

In  the  third  portion  : 

In  the  fourth  poitioD  ; 

.1.  j-VnV  -  t.jy''-"\i..-i,.-,M 
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In  tfae  fifth  portifm  : 

In  the  sixt)i  portion  : 

^*     -ig     ^*     3g       »      t      * 
Adding  the  first  tbree  equations,  wc  get : 


-  (i) 


This  pennits  us  to  calculate  the  pressure  at  exit  from  the  ^itie  vanes,  iriies 
«^  (wbich  can  b«  obtaiifed  by  meaanrii^  the  erat  areft  when  the  -quantity  of 
water  passing  through  the  turbine  is  given)  is  knawti. 

The  fourth  and  fifth  equations  : 

This  eqaation  permits  us  to  dAtenoine  pt,  when  v^,  v^j  v,,  aad  u^  (which 
are  determinable  by  meawrcmeat  when  the  angular  speed  of  the  tqfbiBe  and 
the  quantity  of  water  pasaittg  through  it  are  given)  are  known. 

Consider  the  sixth  eqnatioii : 

j^  is  plaii^  the  pressure  equivalent  to  the  depdt  below  the  tail  wster  level, 
so  that  A»-^/j=H,  and  ~,  can  be  expressed  as  a  fraction  of  H,  say  : 

Thus,       A+^+H-*4-(»^+r,)H-o 

Adding  this  equation  to  the  last  two,  and  putting^ 

^-^<l+^l^-^,+r3+^^  +  ^,+re)  =  <,  we  8«  : 

.H.'JLt^nJ^V^^'zJft'+^^^ii^i'  .  .  .  C«) 

^g  -^g  ig 

As  already  stated,  the  last  equation  should  be  considered  as  fundamental, 
and  if  the  results  do  not  agree  with  observational  dattt,  the  pomts  2,  and  4,  may 
be  considered  to  be  wrongly  selected.  In  practice,  if  uncertainties  as  to  the 
value  Of  T,  aadr^donot  explain  the  differencti,  the  tuibiseivaM  well  designed. 
Such  a  case  faas  actually  been  observed,  and  the  error  appears  to  ban  been 
attributable  to  the  fact  that  the  turbine  had  too  few  wheel  vatwf ,  so  thtt  the 
values  of  v^,  and  Vt,  were  probably  very  inaccurate. 

The  equation  can  now  be  transformed  by  substituting  for  v*,  and  v^  bam 
the  equations  (Sketch  No.  352) : 

v^ = w,' + Wj* — TUjWi  cos  it 
v^  •=  w,* + w,' — 2»4U'4  cos  St 
We  thus  get : 

gtH^UfWfCosii—UiTv^cosi,  .  .  .  (iv) 

which  is  the  general  equation  of  turbine  motion,  and  has  already  been  proved. 
The  fraction  *  thus  arrived  at  is  termed  the  Hydraulic  efficiency  of  the 
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turbine.  Its  Talatioaship  to  the  somewhat  aroaller  fractioB  q,  the  mechanical 
efficiency  of  the  turbine,  is  discussed  on  page  884. 

It  should  also  be  noticed  that  the  transfbnnaticni  now  arrived  at  is  only 
justifiable  when  no  lasses  by  shock  occur  at  entry  into  or  exit  fmm  the  wheel. 

In  actual  practice,  the  equation  is  usually  assumed  to  hold  good  when  shock 
occurs,  the  only  difference  being  that  the  value  of  r  is  somewhat  diminished  in 
order  to  allow  for  shock  losses.  Under  these  circumstances,  the  foundation  of 
the  equation  is  experimental  only. 

PSACTiCAL  Design  of  Turbhtes. — While  the  above  etjuations  strictly 
apply  only  to  ideal  or  partial  turbines  soch  aa  have  alre&dy  been  defined, 
it  is  plain  that  an  equation  which  will  approximately  define  the  motion  of 


water  in  any  turbine  can  be  obtained  by  inserting  mean  values  of  the 
velocities  w,  v,  and  w.  This  method  enables  a  preliminary  study  to  be  made 
of  the  various  sources  of  loss  which  occur  in  a  turbine. 

The  values  of  the  various  losses  r^H,  .  .  .  r^H,  are  dependent  upon  the 
design  of  the  turbine. 

Theoretically  speaking,  each  coefficient  can  be  calculated  by  the  usual  rules 
for  loss  of  head  by  : 

(a)  Skin  friction  and  divergence  (see  p.  799). 
(i)  Change  in  velocity. 
if)  Shock  by  sudden  changes  of  velocity. 
(d)  Curve  loss. 
56 
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In  a  good  design  losses  similar  to  those  in  class  (e)  should  not  occnr, 
and,  except  in  the  wheel,  losses  of  class  (<0  can  usually  be  neglected. 

Our  experimental  knowledge  of  the  exact  values  of  the  coefficients  is  \xn 
vague.  Consider  skin  friction.;  the  available  obseTvati<Mu  mostly  refer  to 
circular  pipes  of  cast  iron,  and  the  velocities  do  not  greatly  exceed  7  to  10  feci 
per  second.  In  a  turbine  the  passages  are  square,  or  rectangular  in  secdon. 
and  are  usually  of  very  smooth  metal,  while  the  velocities  may  consideTaUf 
exceed  20  feet  per  second.  Thus  the  calculated  values  are  likely  to  dife 
from  the  truth.  The  calculations,  however,  are  useful,  as  they  alTord  the 
only  means  we  possess  of  comparing  different  designs  of  turbines,  but  the 
calculated  values  of  rg,  etc.  T)  should  be  considered  as  giving  comparative 
figures  only. 

Id  actual  practice,  therefore,  we  may  use  the  figures  for  clean,  cast-iron 
pipes,  provided  that  we  do  not  assume  that  the  values  thus  obtained  ait 
anything  but  relative.  Of  course,  if  one  design  is  for  a  cast-iron  turbine. 
rough  as  cast,  and  another  one  is  for  a  turbine  of  smooth  bronze,  or  cardrilly 
machined  steel,  the  losses  in  the  more  expensive  machine  must  be  calculated 
with  the  coefficients  appropriate  to  smooth  pipes,  so  as  to  obtain  figures 
which  will  indicate  its  relative  supieriority  in  construction  (see  pp.  434  and  S8S). 

The  various  losses  will  now  be  considered  separatdy. 

TgH,  can  be  diminished  by  keeping  the  velocity  in  the  approach  diaiinel 

The  following  is  the  most  usual  practice  : 

The  velocity  in  the  approach  channel  should  be  equal  to,  or  less  than. 
01  '^igU,  for  open  channels  of  rectangular  section. 

If  the  channels  are  carefully  proportioned  to  the  quantity  of  water  which 
is  transmitted  (>'./'.  properly  constructed  spiral  housings  are  provided  as  in 
Fig.  1,  Sketch  No.  250),  the  velocity  in  the  approach  channel  may  be  taken  as 
high  as  o'20  ^3^H,  and  the  connection  between  the  approach  channel  and 
the  housing  should  be  so  arranged  as  to  gradually  increase  this   velocit)' 

to  about  — ,  and  the  cross -sect  ions  of  the    housing  should  be   accurately 

calculated  so  as  to  keep  the  velocity  in  the  housing  the  same  at  all  pcnnts 
(see  p.  939).  But  in  no  case  should  rg  (when  calculated  by  the  ordinary 
rules  for  losses  by  skin  friction  and  changes  in  velocity)  exceed  3  per  cent 
If  the  approach  channel,  or  main,  is  very  long  (say  several  miles),  economical 
considerations  may  require  it  to  be  of  such  a  size  that  the  loss  of  head  by 
friction  is  a  large  fraction  of  the  total  head.  In  these  cases,  the  nett  head 
available  at  the  lower  end  of  the  approach  channel  should  be  considered  as 
equal  to  H,  and  the  above  rule  should  be  followed  in  determining  the  losses 
in  the  turbine  casing.  Since  the  velocity  in  the  approach  channel  will  prob- 
acy be  large,  spiral  hgusings  should  be  provided. 

Similarly,  riH,  can  be  decreased  by  sharpening  the  outer  ends,  and 
smoothing  the  surfaces  of  the  guide  vanes,  and  shaping  them  so  that  the 
change  from  ifg,  to  Wj,  occurs  gradually,  and  as  far  as  possible  unifbnnly. 
Their  number  should  be  kept  as  small  as  is  consistent  with  properly  guiding 
the  water  at  entry  into  the  wheel,  so  as  to  .-ivoid  losses  by  shock  (see  p.  907). 

T,,  as  calculated  by  the  ordinary  rules,  should  not  exceed  i' j  per  cent. 

TjH,  should  be  treated  similarly  tn  t,H. 
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Certain  losses  occur,  due  to  leakage  through  the  clearances  between  the 
wheel  and  its  casing. 

In  preliminary  designs  it  it  usual  to  assume  that  this  leak^e  loss  qi,  is 
about  3  to  5  per  cent,  of  the  total  volume  tS  ivater  passing  through  the 
turbine.  Sketch  No.  359  shows  nibbing  strips,  and  Sketch  No.  260  labyrinth 
packings  (see  p.  795),  arranged  so  as  to  diminish  the  leakage ;  as  a  rule, 
carefiil  fitting  of  the  wheel  and  the  casing  is  considered  sufficient,  but  in  actual 
designs  the  leakage  pressure  (see  p.  90;)  should  be  calculated.  An  approximate 
value  oiqx,  can  be  obtained  as  follows  : 

If^w,  be  the  pressure  producing  leakage,  which  is  approiiniately  equal  to 
Pt—PiK^^^  P>  8S0),  the  leakage  is  represented  by  : 

?i=/»iAt  '*'z£?t«  cusecs, 

where  A^  i*  the  total  area  of  the  two  clearances,  and  ^  is  the  coefficient  of 
discharge,  which  depends  upon  the  width  of  the  clearance  space,  and  upon  the 
length  of  the  narrow  poitioD  of  the  passage.  For  approximate  calculations  ^ 
can  be  taken  as  0*5. 

ri  should  not  exceed  2  per  cent,  when  the  entry  is  shockless.  The  losses 
due  to  shock  at  entry  are  discussed  in  detail  mi  page  906. 

rgH,  and  r4H,-shotdd  be  treated  similarly  to  r,H. 

The  actual  value  of  r«H,  is  largely  dependent  upm  the  design  of  the 
wheel  vanes,  and  the  loss  is  probably  principally  caused  by  the  curvature  of 
the  passages  through  the  wheel.  If  this  be  neglected,  and  the  usual  rules  for 
skin  friction  are  alone  used  in  calculating  rjH,  it  will  generally  be  found  that 
Tf  is  about  t'S  to  3  per  cent.'  in  a  well  designed  turbine.  The  observed  values 
of  the  efficiency  of  welt  designed  turbines  indicate  that  r,  is  probably  some- 
where near  double  the  value  thus  obtained.  We  may  therefore  believe  that 
when  the  wheel  vanes,  and  the  form  of  the  wheel  crowns,  are  carefully  designed, 
r»+'«,  should  not  exceed  4  per  cent,  provided  that  the  entry  into  and  the 
exit  from  the  turbine  occur  without  shock.  When,  owing  to  bad  design,  or 
to  the  turbine  not  running  at  Ifae  proper  speed,  shock  occurs,  the  loss  is 
increased,  and  the  approximate  value  of  the  shock  loss  must  be  calculated 
The  question  is  obscure,  and  the  available  information  is  discussed  on 
p^es  907  and  913. 

T|K,  depends  entirely  upon  the  design  of  the  diafi  tube,  and  upon  the 
efficiency  with  which  it  converts  velodty  into  pressure. 

This  question  is  probably  one  of  the  most  obscure  that  exist  in  turbine 
design,  and  Andres'  experiments  (see  p.  799)  merely  serve  to  show  hotir  much 
remains  to  be  discovered.  The  only  lesson  that  can  be  drawn  from  them  is 
that  the  condition  of  "  radial "  exit,  as  usually  laid  down  in  theoretical  investi- 
gations (although  by  no  means  always  adopted  in  practice),  is  probably  less 
important  than  was  believed  to  be  the  case. 

The  component  of  velocity  along  the  axis  of  the  draft  tube  at  entry  usually 
varies  between  oi-JigW,  and  0*3  V  a^  H,  and  r^,  varies  from  2  to  6  per  cent.' 
according  to  the  value  of  this  velocity,  and  the  length  and  form  of  the  draft 
tube. 

rjH.  This  loss  is  evidently  dependent  upon  the  velocity  to^  As  a  general 
rule,  with  a  vertical  draft  tube  rgH  =  — ^.  If  the  draft  tube  is  so  arranged  that 
W(,  is  equal  to  the  velocity  of  the  water  in  the  tail  channel,  and  is  in  the  same 
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directiAi,  the  loss  may  be  only  a  small  fraction  of  — ^.  This  diminution,  bon- 
ever,  is  obtained  by  cnnting  the  draft  tube,  and  is  therefore  attended  by  u 
increase  in  rg.  The  general  result  is  that  ri+rg,  may  be  taken  as  abooi  \ 
per  cent,  on  the  average.  At  will  be  seen  lata,  the  assumed  value  of  r^+r^  ot 
of  «>«,  forms  a  starting-point  for  the  preliminary  design  of  the  turbine. 

Finally,  it  must  be  noted  that  all  these  figures  depend  somewhat  upmi  ik 
size  of  the  turbine,  as  is  evident  once  the  fact  that  they  principally  represent 
lossea  by  pipe  friction  is  realised. 

Snmming  up  the  values  of  To,  etc  rg,  enumerated  above,  we  get  i— •=o-i65, 
or  .=o-83S- 

We  term  *,  the  hydraulic  efficiency  of  the  turbine,  and  it  must  be  remem- 
bered that  «,  is  a  fiinction  of  Q,  and  n  ;  but  that,  unless  specially  stated,  it  -a 
assumed  that  (,  denotes  the  value  of  the  efficiency  when  Q,  and  m,  are  so 
adjusted  that  the  efficiency  has  Hs  greatest  valoe. 

The  corresponding  maximum  mechanical  efficiency,  as  obtained  by  brake 
tests  of  the  turbine,  will  be  denoted  by  ?=  ,^.  ^„,  where  N,  is  the  horse- 
power given  out  by  the  turbine  shaft 

Plainly  1},  is  slightly  less  than  the  coiresponding  valueof  (,-as  q,  includes  t)M 
losses  by  friction  of  the  turbine  shaft  in  its  bearings,  and  also  the  &ic:tioa  of  the 
outer  sides  of  the  wheel  crowns  against  the  surrounding  water,  and  the  power 
expended  to  produce  the  automatic  regulation,  and  the  forced  lubrication  of 
the  turbine  in  cases  where  these  are  used. 

Thus,  we  may  say  that :  tr=c-o-oi5  in  a  large  turbine,  aitd  that  >}=<— ox>j 
in  a  small  turtoe,  without  forced  lubrication,  etc  If  the  power  expended  in 
such  devices  is  also  deducted,  Gelpke  states  that : 

ij=(— 002,  in  a  lai^e  turbine,  and  7=1— 0*04,  in  a  small  turbine. 

Thus,  Gelpke  {ul  ju^a,  p.  44),  gives  for  well-designed  turbines  ; 


' 

' 

With  Forced  Lubiiotion 

30  HP.  turbiae   . 
too    „        „        .        . 

■ 

078 

0-8. 
0-84 
0-8, 

0750 

o-8io 
0-855 

0*740 
o'777 
0-813 
0-850 

These  values  may  be  employed  in  preliminary  calculations,  and  an  wea 
chuer  approximatton  ntay  be  made  in  certain  cases.  The  above  values  of  «, 
are  obtained  on  the  assumption  that  ttw  exit  loss(r«-fr«)H,  iso-of  to  o-qsH. 
Now,  the  exit  loss  can  be  easily  calculated  by  measuring  the  size  of  the  draft 
e  find  that  ^ 


tube.    Thus,  if  w 


^e 


at  once  modify  *  accordingly. 
Thus,  suppose  we  take 


,  differs  materially  from  004,  or  0-05H,  we  may 
turbine  of   100    horse-power   and    6nd    that 


ly  Google 


EFFICIENCY  AND  EXIT  LOSS  S85 

— ^=ox);H,  the  appropriate  value  of  *,  is  081+00S— o-o?,  say  079  or  078. 
Similarly,  if  ~p=oo2H,  it  would  be  fair  to  assume  that  (=o'83  too'84. 

The  firet  turbine  is  evidently  small,  cheap,  and  relatively  inefficient ;  while 
the  second  is  large,  costly,  and  highly  efficient,— indeed,  the  figure  given  is 
probably  belter  than  could  be  obtained  in  practice. 

We  may  also  say  that  if  f=i— p *-,  then  p=o'io,  in  a  large  turbine 

where  no  cost  is  spared  to  secure  high  efficiency  ;  andp'^0'17  in  a  small  turbine, 
where  the  design  is  good,  but  cheapness,  rather  than  efEcieikcy,  has  been 

Finally,  «,  may  be  made  as  high  as  o-83,  or  even  0-90  (though  this  figure  is 
somewhat  doubtful),  and  may  descend  as  low  as  073=  i— 0*17— o'lo (exit  loss), 
without  the  design  being  in  the  least  discreditable  to  the  makers. 

As  an  example,  the  10,000  horse-power  turbines  of  the  Canadian  Niagara 
Company  may  be  considered.  For  this  siie  t=<y%-],  but  the  value  of  C  (sec 
p.  889)  is  high  (2600),  so  that  t~o'S4  probably  represents  the  maximum  attain- 
able at  the  date  of  the  design.  The  turbines  are  erected  in  a  deep  pit,  dug  out 
of  the  rock,  and  space  is  limited ;  the  draft  tube  is  therefore  cylindrical,  and 
a'4=«'»-2'  feet  per  second.    Thus: 

^=6-9  feet,  and  H  =  134-6  feet 

Therefore,  r,<=o'o53.  The  draft  tube  is  long,  aod  the  friction  loss  in  it  is 
approxijTUttely  0'o3H  =r(H. 

Now,  in  a  turbine  of  this  siie,  we  might  expect  that; 


Thus,  the  small  size  of  the  draft  tube  causes  a  decreaae  of  6  per  cent,  in  the 
efficiency,  and  for  this  particular  turbine  we  find  that : 

,^0-84- 0-06=078,  say. 

Experimentally,  van  Cicve  (7>ww.  Am,  Soc.  o/C.E.,  vol.  63,  p.  199),  found 
that  11=0737,  or  probably  «=o7J7. 

The  difference  O'o23  is  explained  by  the  fact  that  the  draft  tube  is  curved, 
and  the  loss  actually  observed  at  and  near  this  curve  amounted  to  0'039H. 

The  design  is  therefore  very  excellently  adapted  to  the  circumstances,  aod 
although  the  nett  efficiency  is  low,  it  is  probable  that  084  could  be  obtained 
with  these  turbines  if  apace  could  be  found  for  a  straight  and  well-proportioned 
draft  tube  of  a  size  sufBcient  to  reduce  Wt,  to  8  or  10  feet  per  second. 

Preliminary  Sketch  Design  op  a  Turbine.— kisumt  that  he 
velocities  Wx,  w,,  tu^,  v,,  v^,  u^,  and  u^,  are  the  same  for  all  portions  of  the 
cross-sections  OS  the  turbine  passages  denoted  by  the  suffixes  I,  1,  and  4, 
This  amounts  to  sdeOing  average  values  <A  D„  D4,  etc.,  and  calculating 
average  values  of  the  angles  ^i,  ^4,  etc. 

=  Q. 
Now,  for  a  first  approxunation,  ^4=90 degrees, and  — '\_~~^  ~.  • 
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a  mean  value''-af  the  diameter  at  exit,  sai 

approximately  b^K=li^—df  (see  Sketch  No.  252X  and.  since   the  ewt  ij 
assumed  to  be  radial,  the  velocity  triangle  at  exit  gives  : 

tan  34«-^.  where  «4 g^. 

and  the  negative  sign  indicates  that  0,  is  greater  than  90  degrees. 
Also,^H=M',w,  cos  h^—w^u^  COB  8,. 
Since  the  exit  irom  the  wheel  is  radial,  coa  84=0. 
So  that,  ^H = wtUi  cos  a». 
Also,  the  velocity  triangle  at  entry  gives  ; 


^^^       iin(S,-«,) 
/      ^ (       tan  8,\     irDjB 


e  of  the  turbine,  if 


we  assume  values  for  (3,  and  81,  and  the  ratio    ,  — -  . 
v2fH 

The  method  is  logical,  since  the  ratio    ,    1-  is  a  f^rly 

of  the  cost  and  efficiency  of  the  turbine,  while  the  angles  ^  and  di  (or  ^) 
define  the  general  lay  out  of  the  wheel  and  guide  vanes. 

In  practice,  however,  it  is  easier  to  determine  the  type  and  appropriate 
size  of  the  turbine  as  shown  on  page  894,  and  to  use  the  values  of  Dt,  D,,  and 
of  3j  and  8j,  which  are  there  tabulated,  in  order  to  sketch  out  the  rougb 
design.  The  above  equations  can  then  be  employed  to  discover  the  efFect  of 
any  slight  alterations  which  may  be  considered  necessary.  Having  this 
determined  the  modified  values  of  the  velocities,  we  can  estimate  the  various 
losses  by  skin  friction,  and  ascertain  whether  the  small  alterations  are  likdy 
to  cause  the  efficiency  to  differ  materially  from  the  desired  value.  Sketch  No. 
252  shows  how  the  velocity  diagrams  form  a  check  on  the  vane  outlines.  These 
are  correct  near  Q,  but  require  modilicaiion  near  R  if  radial  exit  is  essential 
1~he  diagrams  are  drawn  with  allowance  for  the  varying  directions  of  the 
velocity  K  produced  by  the  wheel  vane  not  being  radial.  In  practice,  errors 
are  minimised  by  taking  the  direction  of  »,  the  same  in  all  diagrams. 

When  applied  to  turbines  belonging  to  Type  VIII.  to  V.  (see  p.  889X  this 
average  method  produces  results  which  are  quite  sufficiently  accurate  to  (btm 
a  basis  for  preliminary  estimates. 

For  turbines  belonging  to  Types  IV.  to  1.,  however,  the  resalls  are  less 
accurate,  and  it  is  usually  advisable  (even  in  preliminary  work)  to  consider 
the  turbine  as  made  up  of  two  partial  turbines,  and  to  apply  tbe  aboic 
equations  separately  to  each  turbine,  as  is  done  in  the  Sketch.  In  practia. 
the  mid  path  method  illustrated  in  Sketch  No.  249,  is  probably  preferable  to 
considering  the  extreme  outlines  of  tbe  vanes  (P,Q  and  PfR)  as  is  done  in 
sketch  Na  253. 

Experimtnlal  Bans  of  the  Fundamental  Equation. — It  is  evident  that  « 
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can,  with  a  certain  degree  of  accuracy,  calculate  each  tA  the  quantities 
r^H  .  .  .  FfH,  in  tuni*  of  w'j,  or  i/j.  These  can  be  expressed  id  terms  of  Q, 
the  quantity  of  water  passing  through  the  turiHoe ;  and  Hh  '  and  w«,  can  be 
expRMed  in  terms  of  the  number  of  revdntions  of  the  turbine.  Hence, 
equation  No.  (iii)  page  S80  can  be  transformed  into  : 
3^H=AQ*+B«Q+C«» 
where  A,  B,  aDd  C,  are  expressions  depending  upon  the  areas  of  the  turbine 
passages  at  the  various  points  where  the  velodiies  are  measured,  the  angles 
the  vanes  make  with  the  radii,  and  the  various  experimental  coefficients  for 
pipe  fnctibn,  curve  resistance,  and  shock  losses. 

We  can  also  investigate  the  matter  experimentally  by  measnring  a  series 
of  simultaneous  values  of  Q,  »,  and  H  (where  it  is  plain  that  the  turbine  must 
not  be  regulated  in  any  way  during  the  observations,  as  otherwise  the  areas 
Ag,  and  A|,  where  n'o=^,  «i'|  =  ^  will  be  altered).  We  can  then  determine, 
by  the  method  of  mean  squares,  an  equation  : 

3fH=aQ»+bQH+c«' 
and  can  ascertain  how  closely  this  represents  the  actual  observations. 

The  values  of  a,  A ;  b,  B  ;  c,  C  ;  can  also  be  compared,  and  thus  the 
agreement  between  theory  and  observation  can  be  tested. 

When  this  work  is  performed  it  will  usually  be  found  that  the  experimental 
and  theoretical  values  agree  fairly  well,  although  there  is  a  certain  amount  of 
evidence  to  indicate  that  the  experimental  relation  includes  a  term  in  n.  That 
is  to  say : 

2^-H=aiQ*+biQn+Ci«*+d,n 

In  view  of  the  fact  that  the  lasses  due  to  skin  friction  are  probably  more 
closely  expressed  by : 

A/=kV"+lV         or,  A/=mV»-*,  than  by  the  formula  */=m,V»  ; 
this  is  not  very  surprising,  and  it  may  be  very  fairly  inferred  that  when 
the  experimental  coefficients  for  losses  by  friction  and  curvature  are  better 
known,  the  agreement  between  theory  and  experiment  will    become    even 
closer. 

We  may  therefore  consider  ourselves  justified  in  assuniing  that  the 
general  equation  of  turbine  motion  as  given  by  the  equation  : 

^H  =WgU'|  cos  4|~f<4W|  cos  ^4 
can  always  be  transformed  by  the  substitution  indicated  on  page  880.     Thus, 
the  equation  : 

ig  ig      ■■       ^g 


^H~=l:^+^'     "'^ +^ 


and  the  other  forms  employed  on  page  880  can  be  regarded  as  sufficiently 
accurate  for  practical  calculatfons  even  when  shock  occurs  at  entry  to,  or  exit 
from  the  wheel,  provided  the  value  of  «  is  modified  to  allow  for  these  losses. 
The  diffisrences  between  theoretical  aad  experimental  results  which  are  some- 
times observed  may  therefore  be  attributed  rather  to  an  improper  selection 
of  the  points  represented  by  3,  and  4,  than  to  any  defect  in  the  mathematical 
reasoning. 
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CaiatiaiUn  of  tlu  Skin  FrUtion  Losses. — In  calculatiiig  the  losses  by  die 
friction  in  ^ide  and  wheel  vane  passages  of  turbines,  it  is  advisable  to 
remember  that  the  velocities  are  large.  The  only  formula  founded  on  ocpeti- 
ments  which  include  velocities  of  the  magnitude  occurring  in  turbine  paasaget 
is  that  given  by  Lang  (see  Hijttc,  vol.  i,  p.  a?*). 

This  formula  when  transformed  to  English  measure  gives  : 


where  r,  is  the  hydraulic  mean  radius,  and  d,  is  the  diameter  of  the  i»pei  and  1 
its  length  in  feet.    V,.is  the  velocity  in  feet  per  second,  and  in  moving  p 
V=i',  while  in  fixed  passages  V=«'. 

For  smooth  pipes  «oo'oi3.     For  dean  cast  iron  a— croio. 
IV 

5 

For  cast-iron  passages,  we  can  take  */=73i--i- 

The  figures  are  approximate,  and  probably  lead  to  results  which  are  some- 
what in  excess  of  the  truth. 

The  Determination  of  the  Necessary  Proportions  and  Size  of 
A  Turbine.— The  difficulties  underlying  the  design  of  a  satisfactory  turbine 
are  entirely  due  to  practical  necessities.  The  problem  of  designing  a  turbine 
so  as  to  utilise  the  energy  of  falling  water  with  a  very  high  degree  of  efficiency 
is  a  simple  one,  provided  that  the  proportions  of  the  turbine  are  so  selected 
that  the  quantity  of  water  and  the  speed  of  rotation  are  related  so  as  to  prwlnce 
a  type  of  machine  which  favours  high  efficiency. 

It  is  plain  that  such  a  machine  will  not,  as  a  general  ride,  be  a  good  practical 
solution  of  the  problem  of  the  generation  of  power  from  falling  water. 

The  cost  of  the  turbines  in  a  modem  power  station  is  but  a  small  fraction 
of  the  total  investment,  and  it  is  only,  so  to  say,  accidentally  that  the  conditions 
are  such  as  to  permit  turbines  of  this  favourable  type  to  be  installed. 

To  state  the  problem  more  precisely. 

Let  H,  be  the  fall  available  in  feet,  and  assume  that  the  general  conditions 
are  such  that  a  turbine  of  a  horse-power  represented  by  N,  running  at  n,  revolu- 
tions per  minute,  is  required. 

Put<«  =  -^"„,        andP=gJr,.        andC  =  »w»P-^. 

Then,  a  Francis,  or  inward  flow  turbine,  can  be  designed  so  that ; 

C^iDo  to  4900,  roughly  speaking  (the  exact  limits  and  the  possibifity  of 
their  increase  or  diminution  will  be  discussed  later  on),  and  for  the  most 
favourable  type  referred  to  above,  C=4O0  to  900.  While  for  Pelton  wheels,  C, 
should  not  exceed  60. 

These  figures  refer  to  Francis  turbines  with  ine  wheel,  or  to  Pelton  wheeb 
with  one  nozzle  only,  and  it  is  evident  that  if  two  wheels  per  shaft,  or  two 
nozzles  per  wheel,  be  used,  the  horse-powet  (and  therefore  also  C)  is  doubled. 
So  also,  if  the  turbine  receives  water  over  only  a  part  of  the  ciicumieicjice,  C, 
is  proportionately  modified. 

Nevertheless,  the  possibilities  of  turbines  are  by  no  means  limitless,  and  at 
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the  present  date  skill  in  design  is  mainly  shown  t^  a  careful  selection  of  the 
type  which  is  be*t  adapted  to  the  actual  condition*.  The  proportions  of  the 
variouB  types  are  now  (thanks  to  the  very  careful  series  of  designs  published  by 
Gelpke  in  his  work,  Turiinenund  Tiiriitttnanlagai)  well  cstabliihed. 

The  principles  underlying  the  selection  of  the  appropriate  type  of  turbine 
are  probably  more  important  to  civil  engineers  than  the  actual  design  of  a 
tarUne,  At  the  piesent  date  the  design  and  constmction  of  a  turbine  aie  matters 
which  concern  specialists  attached  to  manufacturing  firms,  and  the  work  of 
hydraulic  engineers  it  mainly  confined  to  designing  the  goneral  arrangement 
of  the  power  station,  so  as  to  permit  the  turbines  to  obtain  the  be«t  results. 

Confining  our  attentMn  to  Francis  turbines,  Gelpke  (who  was  Escher  Vfjvf 
designer  until  about  1905),  has  laid  down  eight  ttandard  types,  and  Uie 
'    n  permits  us  to  determine  the  following  tabte : 


T,p. 

wD 

fr 

giif  u=o-8a 

Cs«»P 

•JC 

Value  of  fl. 

VIII   . 

77 

0'322 

o-o»o 

118 

10-3 

083 

VII  . 

80 

0-302 

o-oa7 

173 

131 

0 

84 

VI  . 

83 

0-441 

0040 

.76 

.6-6 

0 

845 

V  . 

89 

0-685 

o-o6a 

491 

86 

IV  . 

96 

1-03 

0-094 

866. 

39-4 

0 

87 

Ill  . 

10; 

.■S8 

0-I44 

1649 

40-6 

0 

87 

11  . 

a-a3 

o-a03 

2973 

54 'S 

0 

83 

I  . 

■38 

3-87 

0-360 

495' 

704 

0-77     1 

The  symbc^s  are  as  follows : 

'""'J^t  ^^ IP^"  "''*''  ^'  '■  "'ww'-ed  in  feel. 

D,  is  the  overall^diameter  of  the  turbine  wheel,  measured  in  feet,  i. 
approximately. 

Q,  is  the  number  of  cusecs  passing  the  wheel  when  N  horse- 
devdoped  under  a  head  of  H  feet. 

VH 

Tk„.,N-^-;|«VrP-i,'!..-'^-,Vf,-o*. 

The  entries    in    Column    4    are    purposely    somewhat    inaccurate, 
quantities  fixed  by  the  design  of  the  turbine  are  m=  j^  and  g=  j~- 

The  commercial  requirements  generally  determine  the  values  of  », 

the  Bpeedandthehorse-powerof  the  turbine.     Thus,  we  must  assume  a  1 

between  N,  and  Q,  or  between  P,  and  f ,  i^.  the  value  of  1  must  be  assuj 

Cohunn  4  is  calculated  on  the  assumption  that  ij=o'8a 

Reference  to  Qriumn  7  "^U,  however,  show  that  better  values  of  n 


t.  D=D, 
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attained  for  all  types  except  No.  VUl.  In  the  final  calculatioiu  thift  must  be 
allowed  for ;  and  in  large  turbines  under  fiivaurable  circumstances,  the  value  of 
D,  may  be  reduced  by  5,  or  even  by  10  per  cent. 

The  practical  application  of  the  table  is  obvious. 

Calcolate  P  (and  if  double  or  triple  turbines  are  used,  P,  is  the  value 
corresponding  to  one  wheel  only),  m,  and  C. 

The  value  of  C,  fixes  th»  type  of  the  turbine,  and  then  from  the  figures  in 
Columns  II.  and  IV.  the  diameter  of  the  turbine  can:be  calculated.  As  a 
general  rule,  the  two  values  of  D  thus  obtained  do  not  agree.  Thus,  a  typical 
turbine  running  at  the  given  speed  will  develop  less,  or  more,  power  than  is 
required.  Hence,  the  practical  requirements  must  determine  wbetfaer  a 
typical  turbine  of  approximately  the  required  speed  and  power  can  be  utilised, 
or  whether  a  special  non-typical  turbine  must  be  designed.  The  matter  will 
be  considered  in  detail  later  on  (see  p.  892). 

The  values  of  VC,  are  tabulated  in  Column  6,  as  this  quantity  is  frequentlf 
used  by  designers  under  the  somewhat  misleading  description  of  "  specific 
speed."     It  may  be  noted  that  VC,  in  metric  measurement,  is  equal  to 
4'4j  X  V^i  expressed  in  English  measure.    A  similar  series  of  types  is  given  by 
Kaplan  {Bau  Rationeller  FremcisturMnen  Laufrader). 

The  classification  of  turbines  by  values  of  C,  may  be  somewhat  extended. 
Thus,  according  to  Graf  and  Thomas  {ZUckr.  DJ.  V.,  June  2%  1907)  : 

Values  of  C,  from  o,  to  32,  indicate  that  Pclton  wheels  are  advisable,  and 
thdr  best  mechanical  efficiency  is  about  0*63  to  o'Sj. 

Between  C  =  3i,  and  C^^dt,  turbines  with  free  deviation  are  indicated,  and 
7=o-8o. 

From  61  to  jSoo,  typical  Francis  turbines  are  used. 

The  appropriate  values  of  7,  are  those  given  in  the  above  table,  the  extreme 
values  being : 

C=6i         q^o-Si 
C  =  s8oo     7=067 

These  values  do  not  indicate  the  extreme  possible  values  of  C,  as  of  late 
years  such  designs  as  those  of  Wagenbach,  Moody,  and  Lamer  have  greatly 
extended  the  possible  range.  The  infonnation  is  tabulated  by  Moody  (Trans. 
Am.  Soc.  of  C.E.,  vol.  66,  p.  306,  et  seq.),  and  the  following  shows  the  present 
possibilities  both  in  American  and  German  work  : 


c 

' 

C 

.   " 

c 

. 

45 

0-88 

2000 

0-915 

6100 

o-8« 

'SO 

0-90 

3"5o 

0-905 

7100 

o-Ss 

500 

o-9'S 

3400 

0*90 

8100 

083 

,.00 

o-9a 

4SOO 

■■■ 

These  values  erf  ^  are  maxima,  and  are  not  likely  to  be  attained  at  present, 
except  with  very  well  designed  and  well  constructed  turbines  under  the  most 
favourable  circumstances. 

Returning  to  the  table  (p..  889).     In  view  of  the  cheapness  of  the  turbine  in 
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comparison  wjtb  d)«  lest  of  the  niKfainery  insteJlcd,  it  will  dually  be  found  that 
N,  aikd  M,  are  foirly  well  indicated  by  a  consideiation  tA  tbe  usual  speed  of  the 
dynamo,  or  of  whatever  other  machinery  it  is  proposed  to  drive.  Tbe  table, 
hovever,  at  once  permits  ns  to  determine  whether  a  turbine  can  be  designed  to 
drive  the  dynamo  directly,  and  also  what  horse-power  this  turbine  can  give. 

As  an  example,  coiHider  tbe  following  oonditions  : 

H  =  50  feet,  M «  300  revolutions  per  minute,  and  $00  horse-power  per  wheel 
is  required. 


P_ioo_£ 


1-41 


3S4 

Thu3,C=4>'5*xi'4i=35SO,or  atype  intermediate  between  II.  and  III. is 
indicated. 

If  Type  II.  be  selected,  it  is  found  that  a  turbine  285  feet  in  diameter  will 
run  at  300  revolutions  per  minute,  and  will  develop  j8o  horse-power.  A  turbine 
2*63  feet  in  diameter  will  develop  500  horse-power,  and  will  nm  at  325  revolutions 
per  minute.  The  Ar^t  solution  is  probably  that  which  is  best  adapted  to  practical 
requirements,  and,  unless  these  are  very  exacting,  a  stock  turbine  of  this  typo 
and  3  feet  9  inches  in  diameter,  running  at  slightly  less  than  its  theoretical 
speed,  can  be  utilised. 

Next,  consider  the  same  requirentents  of  power  and  speed,  but  with 
H -40  feet. 

We  get,  «=47'5  P=r98  C=448o,  and  it  will  be  found  that  a 

turbine  of  Type  I.  2*90  feet  in  diameter,  will  run  at  300  revolutions  per  minute, 
and  will  develop  nearly  550  horse-power. 

Such  a  turbine,  under  a  50-fbot  head,  would  normally  run  at  335  revolutions 
per  minute,  and  would  develop  : 

0260  X  290'  X  354=770  horse-power. 

Thus,  if  it  is  desired  to  develop  500  horse-power  continuously,  at  a  speed 
of  300  revolutions,  under  heads  varying  from  50  down  to  40  feet,  the  turbine 
described  above  will  satisfy  tbe  conditions,  and  it  is  plain  that  the  fact  that  the 
speed  is  supposed  to  be  kept  absolutely  constant  may  entail  a  certain  decrease 
in  the  efficiency  when  the  head  is  50  feet 

In  power  plants  working  under  a  variable  head  water  usually  is  least 
abundant  when  the  head  is  high.  Modem  turbines  are  generally  so  designed 
that  the  efficiency  is  greatest  when  the  guide  vanes  are  adjusted  so  as  to  pass 
about  three-quarters  of  the  quantity  of  water  which  the  machine  could  pass 
under  the  same  head  when  the  vanes  were  fully  open.  Thus,  die  turbine 
considered  above  should  be  designed  in  this  manner,  and  would  be  run  as 
follows,  so  that  even  when  designed  as  indicated  above,  the  maximum  efirdency 
would  be  slightly  less  than  could  be  attained  by  a  non-typical  turbine.  Under 
a  50-foot  head,  the  guide  vanes  would  be  opened  so  as  to  pass  two-thirds  of  the 
maximum  quantity  of  water  (under  a  50-foot  head),  and  the  shocktess  entry 
speed  would  be  about  336  revolutions  per  minute.  Under  a  4o>foot  head  the 
quantity  passed  would  be  about  0*9  of  the  maximum  possible  quantity  (under  a 
40-foot  bead).    These  maxima  can  be  calculated  from  the  tabulated  figures. 

If  tbe  speed  is  not  rigidly  fixed  at  300  revolutions  per  minute,  a  sMnewhat 
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smaller  turUne  (whei«  0=3-75  ^**^  spprcndmatdy)  would  develop  500  bone- 
power  at  a  40-foot  head,  taking  its  maxtmum  quantity  of  water.  Under  a 
50-foot  head,  the  same  horse-power  would  be  developed  with  about  0-7  trf  the 
maximum  quantity  that  the  turbine  could  pass,  and  the  shockless  entry  ^Med 
would  be  350  revolutions  per  minute.  The  speed,  however,  would  be  aboot 
318  revolutions  per  minute  under  a  4o-ft»ot  head,  and  if  the  turbine  were  trni  at 
a  slower  Speed  leM  than  500  horse-power  would  be  generated. 

The  losses  in  efficiency  caused  by  the  speed  of  shockless  entry  diSeiing  from 
the  speed  at  which  the  turbine  is  run  must  not  be  considered  as  at  all  serious. 
The  efficiency  curve  of  a  well-designed  modem  turbine  is  very  flat  near  the 
maximum  value,  and  in  the  2'9o-foot  turbine  the  differences  would  probably  be 
well  within  the  errors  of  observation.  In  the  27S-foot  turbine,  a  diminution  of 
2  per  cent  in  (  will  probably  amply  allow  for  any  difference.  The  diminution 
in  power  at  40-foot  head,  however,  is  serious,  and,  in  cases  where  the  speed  is 
of  importance,  would  suffice  to  cause  the  rejection  of  the  smaller  turbine. 

Summing  up,  and  remembering  that  for  diis  type  <  is  somewhat  less  than 
o'Sot  it  appears  that  a  stbck  turbine  3  feet  in  diameter  will  certainly  suffice,  aod 
that  a  guarantee  from  a  good  firm  for  a  turbine  a  feet  9  inches  in  diameter 
might  be  accepted.  Also,  the  starting  point  for  a  special  des^  would  be  found 
by  taking  the  vane  angles  appropriate  to  Type  I.  with  a  diameter  of  3*90  feet, 
and  somewhat  decreasing  the  dimension  B.    Roughly  speaking,  B,  should  be 

about  o'9  (equal  to  ^—  \  of  the  value  given  by  the  ordinary  rules,  i.e. 

B=o-9xo*3SX2'9o=o-3isx3'90=o'9i  foot.     (See  Sketch  No.  353  and  p.  895.) 

The  lower  boundary  will  therefore  be  slightly  below  the  line  N,|  which  is 

that  adopted  for  Type  II.  (in  which  B=o-3oD);  and  D,,  in  place  of  being 


i*33X  2-90=  3-89  feet,  will  be  about  s-Sg  \/[^=3*6i  feet. 


Any  fiirther  calculations  are  premature.  The  leading  dimensions  are  now 
sufficiently  closely  determined  to  permit  a  preliminary  value  of  the  efficiency  to 
be  estimated,  and  the  losses  in  the  draft  tube  and  approach  mains  must  be 
approximately  determined  before  an  exact  solution  can  be  obtained.  It  is, 
however,  obvious  that  the  final  solution  cannot  differ  materially  from  a  turbine 
3  feet  in  diameter,  and  approxinutely  3)  inches  deep  overall,  with  a  draft  tube 
about  3  feet  9  inches  in  diameter  at  the  top.  The  guide  crowns  will  be  about 
8  inches  in  radial  breadth,  and  the  total  space  occupied  need  not  exceed 
3  feel  9  inches-h3xS-t-3X  I3  inches>°6  feet  4  inches  in  diameter,  although  a 
sligbtly  better  efficiency  can  be  obtained  by  increasing  the  last  dimension  to 
14,  or  even  18  inches. 

The  circumstances  assumed  in  this  example  illusttate  the  usual  manner  in 
which  the  problem  of  the  selection  of  a  type  arises.  They  are  in  one  sense 
peculiar,  The  apiM-opriale  type  closely  resembles  Type  I.  It  is  practically 
impossible  to  design  a  turbine  to  revolve  at  a  speed  greater  than  that  actaioed 
by  this  type.  Thus,  in  the  design  of  the  special  turbine,  the  angles  and  other 
quantities  dependent  on  the  speed  of  rotation  were  those  appr<^>riate  to  Type  1. 
If,  however,  the  value  of  C,  were  sumh  as  to  indteate  that  the  special  turbine  was 
intetmediate  between  say  Types  III.  and  IV.,  it  will  be  plain  that  the  range  of 
choice  open  is  somewhat  greater.  The  special  design  can  then  be  selected  fr«m 
among  the  foUowing  alternatives^ 
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(a)  The  turbine  possesses  the  diameter,  anffle^  and  speed  characteristics  of 
a  turbine  belonging  to  Type  III.,  with  the  required  speed,  but  B,  is  adjusted  so 
that  the  requiBite  horse-power  is  developed. 

(^)  The  diameter  and  dimensions  are  those  of  a  turbine  belonfpng  to 
Type  IV.  which  develops  the  required  horse-power,,  and  the  vane  angles  are 
adjusted  to  [n^uce  the  required  speed. 

(f)  Neither  the  diniensicMis  nor  the  vane  angles  are  typical,  but  each  is 
adjusted  so  as  to  produce  the  required  speed  and  horse-power.  The  latitude 
of  choice  thus  obtained  is  so  great  that  special  designs  are  but  rarely  absolutely 
necessary,  except  tmder  low  and  variable  heads.  The  circumstances  requiring 
special  designs  are  fairly  obvious.  The  average  head  should  be  ccmsidered, 
and  if  the  required  speed  and  horse-power  can  be  attained  with  a  machine 
bdonging  to  any  type  except  Type  I.  the  head  must  be  more  variaUe  than  is 
usually  the  case  before  a  special  design  is  requtved. 

Unfortunately,  high  head  water  powers  are  now  not  frequently  developed, 
as  the  available  utes  are  already  occupied,  and  the  proUem  is  usually  of  the 
character  already  discussed.  Thus,  tiie  design  of  Type  1.  and  Type  II.  and 
intermediate  machines  is  really  the  most  important  prablem. 

The  above  discussion  should  suffice  to  indicate  the  difficulties  whkh  arise, 
and  the  necessity  for  the  services  of  designers  who  are. specialists  on  the  subject. 
The  hydraulic  engirieer  can,  however,  greatly  assist  or  hamper  their  endeavours. 
The  following  principles  may  be  laid  down  ; 

(«)  Large  and  well-formed  draft  ttibes  should  be  provided.  This  is  not 
usually  difficult.  A  draft  tube  is  a  space  which  is  not  filled  with  concrete,  or 
masonry,  and  is  consequently  not  costly. 

(d)  The  head  being  small,  the  pressure  main  should,  if  possible,  be  an  open 
shaft.    Spiral  housings  and  similar  devices  are  costly,  and  shotild  be  avoided. 

Thus,  the  bydrauljc  engineer  will  be  well  advised  to  procure  from  the 
turbine  makers  the  following  machinery  only : 

(i)  The  turbine  ^rfieel,  shaft  and  bearings, 
(ii)  The  guide  crowns  and  vanes, 
(iii)  The  regulating  apparatus. 

If  the  turbine  makers  also  supply  steel  casings,  pressure  mains,  or  curved 
metal  draft  tubes,  it  may  usually  be  inferred  (high  head  developments  and 
abnormal  conditions  being  excluded)  that  the  general  design  of  the  hydraulic 
worlEs  is  not  that  which  is  best  adapted  to  secure  a  highly  efficient  utilisation  of 
the  water  power. 

Tabula  rroif  of  DistENStom  and  Vblocities  is  the  Various  Types. 
— The  type  of  the  turbine  being  selected,  and  the  overall  diameter  D  having 
been  determined,  the  following  tables  pennit  the  leading  dimensiims  of  Gelpke's 
types  to  be  stated.  So  far  as  my  experience  goes  these  dimensions  are  very 
closely  adhered  to  by  all  first  class  designers,  and  a  tenderer  who  proposes 
relative  dimensions  (taking  D  as  unit)  which  materially  differ  should  be  prepared 
to  justify  his  figures  either  by  local  conditions  or  reference  10  independent 
experiments.  A  value  of  D,  much  less  than  the  calculated  value  is  (in  Types  I. 
to  III.)  suspicious,  a  greater  value  of  D,  is  less  material  but  requires  investiga- 
tion, though,  since  it  is  usually  accompanied  by  a  higher  price,  the  case  is  not 
very  important. 

QfuiHtitUt  whiek  depend  mainly  on  ih*  Spttd  of  Iht  rvrMM.— The  folloiwiBg 
table  gives  the  values  of  the  various  velocities  and  the  angles  ^^  and  ^,  (so  far 
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as  these  are  determined  by  the'  constru«ion  of  the  n4te«l  and  gwde  vanes)  fci 
each  type  as  given  by  Gelpke  {TurbineH  und  Turbirumanl)^^), 

These  values  should  not  be  considered  as  in  any  way  rigidly  binding.  Tat 
proportions  of  a  turbine  are  determined  by  experience.  The  condiuons  erf  no 
shock  at  entry,  combined  with  "radial  exit,"  theoretically  permit  all  the  angles 
and  velocities  to  be  rigidly  detennined  when  any  two  have  been  selected  (e.g. 
»j,  and  0,).  In  practice,  we  have  to  consider  not  only  the  conditions  under  lull 
load,  but  also  when  the  machine  is  over  or  underloaded. 

The  figures  tabulated  below  compare  very  well  with  modein  Gemuo 
practice,  and  may  be  considered  as  applicable  to  cases  where  hi^  ef&dencr 
is  desired,  when  the  turbine  utilises  a  quantity  of  water  which  is  not  greatif 
removed  from  the  maximum  quantity  which  the  turbine  can  pass  under  the 
given  head,  and  where  the  turbine  is  frequendy  required  to  develop  about  three- 
quarters  of  its  maximum  horse-power. 

In  small  pioneer  installatioiu,  where  ample  water  is  always  available,  and 
where  the  turbines  constantly  take  the  maximum  quantity  of  water  th&t  they  can 
pass  {i.e.  develop  their  full  borse-power  always),  the  values  of  ^,  tabulated  in 
the  column  headed  "  Valuea  for  full  load  "  may  be  selected  when  the  lowest 
possible  cost  is  desired.  As  a  general  rule,  under  such  circumstances  manu- 
facturers are  inclined  to  advise  theinstallationof  turbines  of  which  the  catalogued 
"full  load  "is  about  thxee^uarters  of  that  which  would  be  calculated  by  the 
figures  given  in  Table  on  page  889.  A  high  efficiency  is  consequently  secured  with 
turUnes  of  comparatively  rough  construction.  Where  the  cost  of  transport  is 
not  high,  this  practice  proves  economical.  Under  modem  conditions,  however, 
ample  water  power  (compared  with  the  commercial  requirements  of  the  districi) 
is  only  likely  to  be  available  in  isolated  localities  where  the  cost  of  transport  is 
high.  Thus,  when  the  cost  of  transport,  as  well  as  the  manufacturers'  price. 
is  considered,  a  smaller  and  accurately  constructed  (and  therefore  possibly 
more  costly)  turbine,  which  is  designed  to  attain  its  best  eGBciency  at  full  load, 
appears  to  provide  a  cheaper  solution  of  the  proUem. 
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DinuHiions  which  depend  mainly  on  the  Horse-power  of  the  Turbine. — The 
quantity  of  water  passed  by  a  turbine  is  approximately  expressed  by  the  equation : 
wBDiW,  sin  S,=Q,  cusecs. 
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In  a  typical  turlnne  all  tbe  factors  in  this  expression  except  B,  are  dependent 
upon  the  speed  of  rotation.  Thns,  the  quantity  of  water  used  by,  and  therefore 
the  horse-pownr,  of  the  turbine,  can  only  be  materially  changed  by  altering  B. 
The  typical  turbines  are  designed  on  the  assumption  that : 

Wf  sin  fti  is  approximately  equal  to  ic^  sin  9|,  i^,  constant  radial  velocity 
(see  Sketch  No.  Z49). 

Thus,  if  the  alteration  of  the  entrance  area  irBDj,  be  accompanied  hy  a 
proportional  alteration  of  the  exit  area  NN  (see  Sketch  No.  353),  we  arrive  at 
a  modified  turbine  developing  a  slightly  different  horse-power,  but  running  at 
the  same  speed  as  the  typical  turbine.    An  example  has  already  been  given. 

Subject  to  the  above  remarks,  the  Mlotring  table  gives  the  geametrical  pro- 
portions of  the  turbine  wheel  for  Gelpke's  eight  types.  These  figures  deserve 
to  be  even  less  rigidly  adhered  |to  by  the  designer  than  those  already  given 
concerning  the  velocities  and  the  vane  angles. 

If  the  proportions  are  widely  departed  from  in  either  direction,  the  design 
becomes  more  difficult,  and  an  inexperienced  designer  may  6nd  it  impossible 

to  attain  a  high  efficiency.    The  ratios  |y,  and  J,  may,  however,  be  varied 


D,  Is  the  overall  diameter  of  the  turbine  wheel  in  feet.  For  all  practical 
purposes,  so  long  as  shock  calculations  (see  page  907)  are  not  considered, 
D  =  D,. 

d^  is  the  diameter  between  the  crowns  of  the  turbine  wheel  at  exit,  and,  as 
showm  in  Sketch  No.  251,  is  very  nearly  equal  to  D„  the  top  diameter  of  the 
draft  tube. 

The  area  NN,  is  the  area  measured  normal  to  the  lines  of  flow,  just  outside 
the  wheel  vanes.  In  the  sketch  the  area  appropriate  to  each  type  is  indicated 
by  suffixes. 

As  a  first  approximation  we  may  take  ^-     w|j  ~^t  sin  ((  all  along  the  exit 

from  the  wheel. 

B,  is  the  dimension  usually  denoted  by  bn  and  is  also  approximately  equal 
to  by,  and  ^|. 

The  other  symbols  are  shown  in  Sketch  No.  353- 
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The  cross-sections  shown  in  Sketdi  No.  353  mc  known  to  produce  efSbeni 
turbiDM,  but  ihey  are  by  no  means  tbe  only  possible  forms.  In  foct,  they  aic 
those  which  are  appropriate  to  cases  where  there  is  ample  spitce  for  a  diafi 
tube.     Where  this  space  is  limited,  the  diameter  d^  (especially  in  Types  1.  to 

III.)  is  often  increased  far  above  that  given  by  the  tabulated  ratios  -^.     In  no 

case,  however,  should  the  angle  to  exceed  45  degrees. 

Many  designers  also  make  the  curve  erf  the  upper  crown  far  flatter  tham  is 
indicated  here,  and,  so  far  as  can  be  judged  from  Lamer's  statements  {Tramt, 
Am.  Soc.  of  C.E.,  vol.  66,  p.  383),  there  is  some  eEperimenial  evidcDce  10 
justify  this  view  of  the  matter.  At  |H«sent,  however,  the  whole  matter  is 
determined  by  vague  opinion.    Certain  fitmi  of  turbine  builders  are  known  \o 


SkkTCH  No.  353.— Gelpke'a  Eight  Type  Outlines  [  Turbinen,  p.  79),  uid  Kn;^Ml*« 
Outline  for  Type*  neat  to  1,  and  11. 

have  carried  out  systematic  expteriments,  and  the  best  form  of  wheel  section  for 
any  particular  case  can  usually  be  selected  from  published  drawings,  provided 
that  the  circumstances  of  exit  {i.e.  length,  flare,  and  curvature  of  the  draft  tube) 
are  carefully  considered.  Tlie  wide  divergences  which  at  first  sight  exist  be- 
tween the  practice  of  German  and  American  firms  are  in  reality  quite  justified 
if  it  is  remembered  that  the  typical  American  turbine  is  a  cheaply  constructed 
machine,  and  is  therefore  larger  than  the  better  constructed  German  article  of 
the  same  "catalogued  horse-power."  Owing  to  this  cheapness  of  constractioii, 
American  turbines  are  usually  less  efficient  than  Gennan  ones,  although  there 
is  but  little  to  choose  between  the  best  productions  of  either  country.  The 
term  German  in  this  connection  may  be  extended  to  include  Swiss,  Swedish, 
and  a  few  French  firms. 

Until  lately,  turbines  of  British  design  could  be  regarded  as  not  worth 


ly  Google 


ESTIMATION  OF  THE  EFFICIENCY  897 

consideration.  At  present  two  or  three  firms  are  prepared  to  supfdy  scientiflc- 
aU]r  designed  machines,  and,  judging  by  their  centrifugal  pumps,  can  justify 
their  claims.  When  high  efficiency  is  desired,  good  workmanship  is  of  great 
importance.  I  believe,  therefore,  that  these  British  firms  will  soon  produce 
evidence  that  they  supply  the  best  possible  turbines,  as  very  few  machines  at 
present  in  existence  can  be  regarded  as  of  lirst-class  workmanship,  according  to 
the  standards  of  modem  machine  shop  practice. 

The  general  oatKnes  of  the  proposed  turbine  being  thus  selected,  the  final 
design  requires  a  knowledge  of  the  hydraulic  efficiency  of  the  machine. 

A  rule  for  roughly  estimating  this  under  all  circumstances  is  given  on 
page  900. 

Usually  we  know  w„  and  can  express  it  in  the  form  k^'JT.g)^. 

Then,  with  all  the  required  accuracy,  we  find  that  1 


and  the  quantity  of  water  passing  the  turbine  is  given  by  the  equation : 

Qs/itrDg^jWi  sin  Ai, 

where  f^  is  a  factor  allowing  for  the  obstruction  of  the  area  n-Di^g,  by  the 
wheel  vanes. 

The  efficiency  under  the  assumed  circumstances  can  now  be  investigated, 
and  if  the  value  thus  obtained  does  not  agree  with  the  assumed  value,  the 
calculations  can  be  repeated.  The  labour  is  not  great,  as  (under  the  usual 
assumptions)  all  the  losses,  except  the  shock  losses  vj,  and  0-4,  are  proportional 
to  Q*.  Thus,  for  example,  let  t  be  taken  as  07s,  and,  when  calculated  in 
detail,  let  the  losses  be  found  to  be  as  follows : 

Te+clc,+rB=oao 
<rj  =  o"o6     (r,  =  o'03. 

So  that  (,  is  in  reality  about  071.  Q,  has  plainly  been  over-estimated  by 
some  3  to  5  per  cent.    Thus,  the  partially  corrected  value  of 

Tg+etc-f  r*  is  about  o'i8  or  0*19. 

Unless  the  alteration  in  the  values  of  Wi,  and  «>«,  greatly  alters  <ix  and  tr„ 
which  can  easily  be  estimated  from  the  velocity  diagrams,  the  true  value  of  <, 
is  about  072,  or  073,  and  the  quantity  of  water  used  is  about  0*97  of  that 
assumed,  and  the  nett  horse-power  is  about  ■    ■=o"94  of  that  assumed. 

The  results  are  quite  as  close  as  is  practically  required,  especially  when  the 
fact  that  errors  amounting  to  10  per  cent,  of  the  quantity  ro-t-etc-t-r^,  and  30 
percent,  of  the  quantity  o-j-l-crt,  are  not  at  all  improbable  imless  the  calculations 
are  founded  on  special  experiments. 

Number  OF  Guide  Vanes  AND  Wheel  Vaues. — The  number  of  vanes 
is  entirely  determined  by  practical  experience.  The  only  Unding  condition  is 
that  the  number  of  guide  vanes  must  not  be  equal  to  the  number  of  wheel 
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Gelpke  («/  ^prd)  sUtes  as  follows : 

For  a  turbine  D,  feet  in  diameter,  z^,  and  «j,  a 


D 

Number  of  Guide  Vane!  =  ., 

ft  equal  to 
or  less  than 
«.  Degrees 

ft  between  30 
and  33  Degrees 

ftOWTJJ 

D^rees 

Less  than  a  feet   . 

2  feet  to  3  feet     . 

3  feet  to  4  feet  6  inches 

4  feet  6  inches  to  7  feet 
7  feet  to  9  feet     . 
Over  9  feet  6  inches 

16 

24 

16 

24 
28 
32 

16 

24 
38 

36 

Number  of  Wheel  VMies  =  «, 
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ft  equal  f  0 

ft 
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ft     1 
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II 
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2  feet  to  3  feet 
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3  feet  to  4  feet  6 
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*3  »  *5 

'7 

15 

II 

4  feet  6  inches  to 

7  feet 

II 

7  feet  to  9  feet 

31  "  33 

29 

23 

17 

n 

About  10  feet 

... 

as 

'9 

13 

These  values  are  not  very  closely  adhered  to  in  practice,  and  my  personi 
opinion  is  that  they  may  be  diminished  without  detriment.  1  have  not,  how- 
ever, had  much  experience  of  regulation  problems,  and  believe  that  these  fbm) 
the  real  basis  for  the  determination  of  the  required  values. 

PREUMtHARy  Estimation  of  the  Efficiency  of  a  Turbine.— \i 
practice,  turbines  are  generally  so  regulated  that  the  angular  speed  of  ih 
machine  round  its  axis  remains  constant  under  all  circumstances. 

Consider  a  turbine  running  at  a  constant  sfieed  of  n,  revolutions  per  mtnuit. 
and  suppose  that  the  quantity  of  water  passing  is  gradually  increased  from  0, 
to  Qb,  cusecs,  where  Q„,  is  the  maximum  quantity  of  water  which  the  turtaw 
can  pass  under  the  given  head. 

There  are  three  values  of  Q,  which  deserve  consideration: 

(i)  Qr,  the  value  when  the  evit  from  the  wheel  is  "radial"  and  "shockle^i," 
as  defined  on  pages  91 1  and  913. 

(ii)  Qk,  the  value  when  the  entry  into  the  wheel  is  shockless. 

(iii)  Q,,  the  value  when  the  greatest  value  of  the  hydraulic  efficiency,  say 
*imn  is  observed. 
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The  values  Q^,  and  Q*,  can  be  calculated  by  the  methods  given  on  pages  913, 
and  907.    Q„  however,  must  be  obtained  by  observation. 

In  a  well  designed  turbine  regulated  by  Fink's  (or  other  rotating  guide  vane) 
method,  it  will  be  found  that  the  entry  is  shocldess  over  a  fairly  wide  range  of 
values  of  Q,  say  from  Q^,  to  Qq,  and  Qt,  may  be  defined  as  the  value  at  vhich 
entry  is  sbockless  vhen  the  tips  of  the  wheel  vanes  are  selected  as  defining  the 
point  of  entry,  and  the  guide  vanes  are  open  to  their  fullest  extent 

As  a  matter  of  observation,  it  can  be  stated  that  if  Q,=Q,  as  above  defined, 
then  Qn  is  very  nearly  equal  to  Q,,  or  Q^  and  under  these  ciremnstances  the 
greatest  possible  value  of  «o„  is  obtained,  but  the  values  of  1  fall  off  somewhat 
rapidly  as  Q,  departs  from  Qi.  Thus,  in  a  turbine  where  high  efficiency  at 
one  load  only,  say  Qi,  is  desired,  it  is  advisable  to  make  Qr=Qt=Q(.  If,  how- 
ever, a  fairly  constant  value  of  f  over  a  wide  range  of  Q,  say  from  Qi,  to  jQj,  be 
desired,  it  is  found  best  to  design  so  that  Qj=Qi,  and  Qr=JQi. 

The  maximum]  efficiency  then  never  attains  quite  so  high  a  value  as  in 
the  previous  case,  but  does  not  diminish  so  rapidly  as  the  values  of  Q,  depart 
from  Qf.  The  exact  figures,  of  course,  greatly  depend  upon  the  size  of  die 
turbine  and  upon  its  type,  but  it  may  be  stated  that  if 

Qr=Q.=Qi,  then  we  might  expect  to  find  that, 
«=,,„=o-84  when  Q-=Q,=Q„ 
and  «-o7S  when  Q=iQi. 
Whereas  if  Q,»Qi  and  Qr-JQi, 

then,       *=o^i  when  <i=(iu 

r=(,„i.=o-83  when  Q=5Qi, 
(=080  when  Q=|Q,. 
The  figures  are  merely  illustrative,  and  refer  to  favourable  cases  ;  but  they 
serve  to  indicate  the  necessity  for  considering  the  matter  in  designing  or  speci- 
fying for  turbines.  The  subject  could  be  entered  into  more  in  detail,  and  in 
some  very  excellent  turbines  (and  even  more  frequendy  in  centrifugal  pumps) 
practically  constant  values  of  (  are  secured  over  a  very  wide  range  of  values  c/i 
Q,  by  making  the  entry  "shockless"  for  Q^'iQn  and  the  exit  shockless  at  say 
Q-oQ^  and  the  exit  radial  at  say  Q'-fQc 

The  methods  by  which  a  detailed  investigation  of  the  efficiency  is  obtained 
are  discussed  later  on. 

It  will  also  be  plain  that  if  the  speed  n,  be  supposed  to  vary,  we  could 
investigate  the  speeds  nT,n^i%r,&x.  which  radial  exit,  shockless  entry,  and  the 
best  efficiency,  occur  ;  when  Q,  the  quantity  of  water  passing,  is  constant.  The 
practical  importance  of  such  results  rarely  justifies  the  labour,  although  the 
question  becomes  of  importance  when  steam-driven  centrifugal  pumps  are 
considered. 

German  stock  turbines  are  usually  designed  so  that, 

Q»=Q„  and  Qr=iQ,..        Hence,  Q,,  is  about  JQ,,. 
American    and    French    stock    turbines    are    usually    designed    so    that 
Q,^Qr= jQii,  and  the  horse-power  corresponding  to  jQn,  is  that  giv'en  in  cata- 
logues.    Hence,  American  turbines  can  take  a  markedly  greater  load  than  that 
at  which  they  are  catalogued  ;  whereas  German  turbines  cannot 

Subject  to  the  above  remarks,  let  t  be  the  efficiency  of  the  turbine  when 
running  at  a  speed  n,  and  when  passing  Q,  cusecs  of  water. 
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Wehavc*  —  !— (To+Ti+T»+T»+r4+r,-fr,+ir4). 
Cslculate  fo+'i  '>y  ^^  ordinary  rules,  and  put  <+»c +»■! +  "*=;(■ 
When  the  turbine  runs  at  »',  revolutions,  and  passes  Q\  cusecs,  the  regulat- 
ing ^>paratus  (whether  hand  or  automatic  in  design)  moves  the  guide  vaoes  » 
as  to  alter  S,  the  angle  of  exit  from  the  guide  vanes,  and  o^,  and  O),  the  '*'«'^'*" 
between  two  consecutive  guide  vanes  at  entry  and  exit     Let  «'«,  and  «*},  be  tk 

new  values.    Hence,  the  new  value  of  Wn,  is  •a/n,= — -4-ri  and  k'i=— ^— r-- 
Thus,  r'(  and  r\  can  be  calculated,  and  very  approximately : 

^•.  =  '.(^)Udr,=„(^)'. 
If  the  regulation  is  ofTected  by  a  cylinder  gate  (Sketch  Na  iy».  Fig.  i),  thca 

^..(e:Ka.4<=(e-)(^K 

where  S-^,  is  the  new  value  of  j|,  and  in  this  case  there  is  also  a  loss  of  bead 
caused  b/  the  sudden  decrease  of  velocity  frmn  "a/y  to  w^,  which  should  be 
included  in  r|. 

Then  ^i  =  -  ^a  ""*'  ""'""fio  *^*°  ***  calculated,  and  the  loss  by  shock 
at  entry  can  1)e  graphically  obtained  as  indicated  on  page  907.  Let  this  be  (r',H. 
So  also,  (o''4— <r^M,  the  difference  in  lass  due  to  residual  rotatioaal  vetodtr 
and  shock  at  exit,  can  be  calculated.  It  cannot  be  ass'umed  that  t  was  obtained 
when  the  exit  was  purely  radial,  since,  as  a  matter  of  experiment,  the  best 
efficiency  does  not  usually  occur  when  the  exit  is  radial. 

If  shock  at  entry  occurs  under  the  original  conditions,  er',H,  is  of  course  the 
difference  between  the  two  shock  losses. 

The  reasoning  is  not  rigorous,  and  is  probably  erroneous  if  «*,  difTers  greatly 
from  n.     In  practice,  however,  ii,  is  usually  equal  to  «,  and  the  formula 

I-/=Ci-x)  (^)  +r'o+T'i-T<,-T,+y,+»',-<r4 

can  then  be  proved,  under  the  assumption  that  all  losses  (other  than  shock 
losses)  are  proportional  to  the  square  of  the  velocities. 

When  the  matter  is  tested  by  actual  observation,  the  results  given  by  Ac 
formula  agree  quite  as  accurately  widi  observatioas  as  is  necessary  for  [Hectical 
parposes. 

The  chief  source  of  error  in  the  above  investigation  arises  from  the  £>ct  that 
the  actual  value  of  (r,+r,)  is  by  no  means  accurately  obtainable  by  calcnlatioos 
of  skin  friction,  owing  to  the  neglect  of  the  efiect  of  the  curvature  in  the  wheel 
passages.  The  following  method  of  allowing  for  this  error  has  been  found 
useful  in  practice,  and  is  therefore  put  forward. 

Let  us  assume  that  7  has  been  observed,  and  that  <  has  been  calculated  by 
allowing  for  bearing  friction,  friction  of  the  wheel  against  dead  water,  and  the 
power  consumed  in  lubrication,  etc.,  as  already  detailed. 

Let  us  also  calculate  : 

I— »,  =  To  +  T,+r,  +  Tg+r4  +  r(+r(+(ri+fl-j 

In  theory  «,=«.  In  practice,  a  sbght  difference  will  be  found  to  exist.  This 
may  arise  from  an  erroneous  assumptkin  of  the  value  of  the  skin  friction  loascs. 
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but  thcK  can  usually  be  ascertained  for  all  portions  of  the  machine,  except  the 
wheel,  from  pressure  gauge  observations.' 

We  may  therefore  assume  that  if  ctt  and  cr,  represent  the  values  of  rj  and  t, 
that  actually  occur  {ij.  the  values  corrected  for  curvature),  then  : 

Thus,  tT,+ir,=  i'(r,+r4),  where  v  is  a  coefficient  which  in  practice  is  usually 

It  is  now  filrly  obvious  that  the  expression 

I-»'=r'o+T,+T',+i.(Tj+r'4)+T's+r',+ir'i+<r'4 

where  all  the  coefficients  ire  obtained  by  calculation,  will  probably  give  a  more 
accurate  value  of  t  than  that  obtained  by  the  preceding  method.  The  method 
is  merely  suggestive.  In  a  case  of  actual  observation,  however,  this  method 
was  appUed  as  soon  as  the  three-quarter  load  value  of  <  had  been  obtained,  and 
seven  predicted  values  of  t  over  the  range  vi,<^m,  10  Qm,  agreed  within  0-005  of 
the  observed  values,  and  the  errors  were  well  within  the  errors  of  observation. 

In  this  case,  six  pressure  gauges  were  read  to  obtain  values  for  the  skin 
frictioa.  Tlie  {wessure  gauges  had  been  fixed  for  some  days  before  the  biake 
tests  were  started,  and  the  departures  in  r*,  r„  *-(  and  tj,  r,,  from  the  law 
A/KiBiV*  had  been  acctirately  ascertained. 

When  the  method  was  applied  to  cases  where  the  akin  friction  had  not  been 
detennined  experimentally,  differences  of  0-015  occurred,  but  dMse  are  ptobably 
explicabte  by  erroneous  aisumptioas  concerning  the  skin  friction. 

It  will  be  seen  that  in  practice  the  process  mainly  enables  the  number  of 
brake  tests  to  be  decreased. 

The  first  method  forms  a  very  excellent  check  on  the  makers?  guarantees 
of  efficiency,  and  the  consultant's  requirements.  A  reputable  firm's  guarantees 
of  efficiency  under  ordinary  loads  (say  three-quarter,  and  full  load)  are  usually 
extremely  accurate,  but  if  they  are  asked  to  predict  the  efficiency  at  small 
loads,  or  at  variable  speeds,  the  values  stated  are  frequently  found  either  to  be 
impossible,  or  are  obtained  by  installing  a  far  larger  turbine  ihan  would  other- 
wise be  required.  The  last  result  is  unsatisfactory,  and  the  consultant  deserves 
most  blame  when  it  occurs,  since  he  could  avoid  this  eventuality  by  demanding 
smaller  efficiencies  under  these  abnormal  circumstances,  after  calculating  the 
values  that  can  possibly  be  attained  with  a  turbine  which  is  not  too  large  for 

Systematic  Estimation  op  the  Variovs  Losses. — The  order  in  which 
the  losses  are  estimated  may  at  first  sight  appear  peculiar.  It  is  that  which 
is  found  most  convenient  in  practical  work,  as  large  errors,  or  departures  from 
the  specified  conditions,  can  be  detected  early  in  the  calculations. 

Lost*!  in  Draft  TuU,  r^  and  r«.'— Let  Q,  be  the  total  quantity  of  water 
which  passes  through  the  turbine,  in  cubic  feet  per  sec.ond. 

Let  H,  be  the  gross  available  head  under  which  the  turbine  works. 

The  gross  aiea  of  the  upper  end  of  the  draft  tube  is  given  by  -  Dt*,andthe 
nett  area  is  Ai—yi-D*',  where/,,  is  a  coefficient  expressing  the  total  fraction 
of  the  gross  area  that  is  not  obstructed  by  the  shaft  and  its  bearings. 

In  preliminary  work  we  can  takeyt=o*97,  for  cases  whers  the  bearings  of 
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the  shaA  are  outside  the  draft  tube,  and/4=o-93,  in  cases  wheie  the  shaf: 
bearing  and  supports  are  inside  the  draft  tube. 

Thus,  Wi". — 2—. 

■  /.?. 

Similaily,         Wi= — ^ -.  ^. 


where  /„  is  a  coefficient  simiUr  to/t,  but  which  refers  to  the  exit  area  of  the 
draft  tube.    We  thus  obtain  : 

where  K,  is  an  allowance  for  the  head  lost  in  friction,  and  diverEeace  ksse 
in  the  draft  tube.  We  can  usually  assume  that,  i— K=o'8o,  but  the  itxm 
of  the  draft  tube  and  its  curvature  must  be  considered.  If  Andres'  r«sulii 
(see  p.  799)  can  be  assumed  to  hold  good  for  large  tubes,  such  as  are  now 
considered,  it  would  appear  that  divergence  losses  may  be  entirely  neglected, 
as  there  is  no  doubt  that  the  fact  that  the  water  has  passed  through  the  turtxce 
renders  the  circumstances  extremely  favourable. 

Now,/i,  is  plainly  equal  toy^,  the  depth  of  the  centre  of  the  exit  area  of  the 
draft  tube  below  the  tail  water  level. 

'^tis,  ^«,  and  (Af— A,),  the  vertical  height  of  the  dnUt  tube,  bung 
measurable,  we  can  determine  p^ ;  and,  as  a  rule,  /«,  is  less  than  the  atmos- 
pheric pressure. 

Also,  the  exit  loss  can  be  expressed  in  the  form  ; 

^=r,H,sayCseep.883), 
and  the  loss  in  the  sixth  section  of  the  turbine  is  given  by  the  equation  : 
K  (.».■-»,■)_„,  !.y. 
In  preliminary  designs  it  is  frequently  customary  to  assume  that 

The  assumption  has  a  practical  advantage,  for  the  value  of  D4  fixes  (for  a 
given  type  of  turbine)  all  the  other  dimensioiks  of  the  turbine  within  very  nam» 
Hmtts.  Thus,  if  we  decide  to  make —*-=o"o2H,  we  obtain  a  relatively  large, 
but  efficient  turbine.  Whereas,  if  we  go  to  the  other  extreme,  and  make 
-^=o*i2H,  we    obtain    a    small  and    less   efficient    machine.      Thus,    the 

value  of  -*-  ("the  wheel  exit  loss")  forms  a  short  and  concise  method  rf 
specifying  the  hydraulic  qualities  of  die  turbine.  For  example,  if  a  designer 
is  told  that  the  wheel  exit  loss  should  have  a  value  of  o'oSH,  be  is  practically 
informed  that  cost  and  efficiency  should  both  be  considered.  Whereas,  a  wheel 
exit  loss  equal  to  0*04!!,  or  to  o'o5H,  is  a  clear  indication  that  a  good  eflicicncy 
lather  than,  cheapness  is  desired. 
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Entry  into  the  Turbine,  t^. — We  have  now  to  consider  the  earlier  sections 
of  the  water  path. 

Tlie  friction  in  the  approach  channel,  or  pressure  main,  can  be  calculated 
by  the  ordinary  rules.  If  the  guide  crowns  are  situated  at  the  bottom  of  an 
open  shaft  no  other  losses  occur.  If,  however,  the  water  enters  the  casing 
of  the  turbine  at  one  side,  the  casing  must  be  shaped  into  a.  spiral  form  in  plan 
(Sketch  No.  250,  Fig.  1],  otherwise  losses  due  to  change  in  velocity  occur 
similar  to  those  investigated  for  a  centrifugal  pump  on  page  939.  Tlie  subject 
is  not  considered  in  detail,  as  such  losses  should  not  occur  in  a  well  designed 
turbine.  Any  consideration  of  this  question  will  show  that  badly  shaped,  or 
roughly  constructed  metal  casings,  are  undesirable.  Modem  practice  tends 
towards  properly  shaped  casings  of  reinforced  concrete,  forming  an  integral 
portion  of  the  power  house.  If  metal  casings  are  used,  these  should  be  of  first 
class  workiTkanship,  and  Goldmark's  specification  for  pipes  (see  p.  459)  may  be 
studied  with  advantage.  It  must,  however,  be  realised  that  the  conditions  are 
somewhat  more  exacting  than  in  steel  pipes,  as  any  deformation  of  the  casing 
may  prodtice  shoclcs  which  will  destroy  all  the  gain  in  efliciency  that  it  is 
desired  to  attain.  The  rivets  should  certainty  be  countersunk  on  the  inside, 
and  stiffeners  should  be  placed  wherever  requisite.  German  practice  appears 
to  employ  caat-iron  casings  exclusively. 

Losses  in  the  Guide  Passages,  f]  and  r,.— By  measurement  from  the 
drawings  we  can  calculate  ; 

a,,-  —'3  w,-  -2_  (Sketch  No.  354). 

'i,  represents  the  number  of  guide  vane  passages  which  receive  water,  and 
in  a  turbine  which  receives  water  all  round  its  circumference  «],  is  equal  to  the 
number  of  guide  vanes  (see  p.  S98). 

a,  denotes  the  breadth  of  a  passage  measured  between  two  consecutive 
vanes  perpendicular  10  the  velocity  w ;  and  i,  denotes  the  distance  between 
the  guide  crowns ;  so  that  ab,  represents  the  nett  area  of  a  single  passage 
measured  perpendicular  to  the  direction  of  w. 

Both  dg,  and  a,,  vary  when  the  guide  vanes  are  moved  in  order  to  regulate 
the  turbine.     (Sec  Sketches  Nos.  259,  260.) 

Sketch  No.  254  shows  the  conditions  occurring.  The  velocity  at  the  cross- 
section  denoted  by  A,  is  w^  and  at  the  cross-section  denoted  by  C,  is  ii>i. 
The  guide  vane  outlines  should  be  constructed  so  that  the  change  from  nrg,  to 
Wi,  occurs  gradually,  and  the  form  of  the  passage  should  resemble  that  of  a  jet. 
In  the  left  hand  sketch,  the  links  for  moving  the  guide  vanes  occupy  so  much 
space  that  the  section  at  B,  is  smaller  than  at  A,  or  C.  This  should  be 
avoided. 

The  losses  are  best  estimated  as  follows  : 

(d)  Up  to  A,  the  circumstances  resemble  a  bell  mouth  orifice,  and  the  bead 

lost  is  about  0*02  or  003  — ^ . 

(fi)  From  A,  to  C,  the  usual  friction  laws  hold.  The  formulie  given  on 
page  883  may  be  emjdoyed. 

(c)  On  exit  from  the  guide  vanes  at  C,  a  certain  loss  of  head  may  occur  by 
sudden  expansion.  The  right  hand  case  is  favounble,  aa  the  guide  vanes  end. 
in  a  sharp  edge. 
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D],  varies  when  the  turbine  is  regulated,  owing  to  the  motion  of  the 
vanes.    The  shock  losses  at  exit  from  the  guide  vanes,  can  be  expressed  by  : 

ig       .     *    ' 
but  this  is  probably  greater  than  the  true  value. 

w*],  however,  should  be  used  in  place  of  W),  in  estimating  the  circumsiaiices 
at  entry  into  the  wheel. 

The  calculations  concerning  this  loss  are  unreliable,  and  are  referred  to  io 
order  to  illustrate  the  importance  of  regularly  examining  the  contUtira  of  the 
guide  vanes,  and  repairing  them  if  blunted  by  wear  or  erosion  (from  sand  os 
occluded  gases).  The  sketch  shows  the  possibility  of  other  losses  otased  by 
bad  fitting  of  the  vanes  and  crowns,  or  the  crowns  and  the  wheel. 
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The  losses  typified  by  t^H,  and  r^H,  are  loaat  m  Type  1.,  and  increase 
mpidly  as  Type  VIII,  is  approached. 

No  definite  rules  for  the  length  of  the  guide  vanes  can  be  given.  Theory 
indicates  that  a  length  equal  to  three  or  four  times  the  width  ««,  or  K],  should 
suffice.     Four  or  five  times  iTg,  or  a,,  seems  to  be  more  usual  in  practice. 

The  case  where  b^  j„  and  b^t  are  not  equal  b  not  discussed.  It  ocoors 
in  turbines  regulated  by  cylinder  gates,  and  in  cases  whew  the  wheel  ii 
not  properly  adjusted  relatively  to  guide  crowns.  The  -loss  in  efficiency  is 
obvious,  and  can  be  calculated  if  desired. 

The  values  of  tq,  rj,  and  rg  can  thus  be  estimated. 

A  little  consideration  will  show  that  while  rg  and  r,  arc  easily  calculated 
(when  Q,  is  known)  from  the  readings  on  pressure  gauges  screwed  into  the 
guide  crowns  near  the  entry  and  exit  sections,  r,  is  not  very  easily  observed. 
Certain  testa  of  my  own  gave  very  peculiar  results,  and,  in  practice,  it  appears 
advisable  to  consider  r^  as  included  in  a^. 

Circumstances  in  the  Wheel.— T\\r  design  of  the  rotating  portion 
of  the  turbine  must  now  be  considered.  When  Q,  cusecs  of  water  p&ss  out 
through  the  draft  tube,  the  turbine  does  not  utilise  the  whole  of  this  quantity, 
as  a  certain  leakage  takes  place  through  the  spaces  between  the  rotating  wheel 
and  its  casing. 

Let  this  leakage  loss  be  equal  to  q\  cusecs.  Then,  if  n,  be  the  radius  of 
the  rubbing  strip  between  the  turbine  wheel  and  its  casing,  and  A,  is  the  "  play  " 
allowed  (Sketch  No.  253),  we  have  : 

since  there  are  two  paths  for  leakage. 

The  value  of  fn  can  be  taken  as  o'S  to  0-6,  and  pt—hx—p^^k^  can  be 
calculated  from  equation  No.  (ii),  page  880. 

For  preliminary  calculations,  we  may  assume  that 

The  value  thus  obtained  is  probably  somewhat  in  excess  of  the  truth  ;  for  if 
the  turbine  fits  its  casing  closely,  the  water  in  the  space  G,  is  probably  set 
rotating,  and  thus  a  more  or  less  efficient  centrifugal  pump  is  workmg  against 
the  pressure. 

It  may  therefore  be  assumed  that  the  leakage  through  the  upper  rubbing 
strips  takes  place  under  a  pressure  equivalent  to. 


A-^-A~^.- 


«!'-"«' 


In  the  turbine  which  is  now  being  considered  (Sketch  No.  353),  the  leakage 
through  the  lower  space  can  hardly  be  supposed  to  be  restricted  in  this  manner, 
but  two  rubbing  strips  are  shown,  so  that  the  formula  for  a  labyrinth  packing 
(see  p.  795)inif^l  be  applied. 

The  value  aXpf—k^  can  be  calculated  from  equation  No.  (i)  on  page  880,  but 
the  independence  of  <  thus  obtained  is  only  Apparent,  k^—h^  is  plainly  the 
difference  of  level  between  the  top  erf  the  draft  tube  and  the  ruUiing  strips  ; 
and  in  accurate  calculations  the  valiw  diflfers  for  the  two  padis  of  leakage. 

Entry  iAto  the  Whttl,  r,.— In  the  ty[ncal  Francis  tmrlMne  this  problem  is 
one  of  two  dimensional  geometry ;  in  the  case  of  the  cone  turbine  or  in  an 
axial  turbine,  three  dimensions  must  be  ooasidered. 
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Let  «i,  be  the  number  of  guide  vanes. 

Let  ^1,  be  the  height  between  the  guide  crowns,  and  iti,  the  width  between 
two  consecutive  vanes  at  exit  from  the  guide  vane,  measured  perpendicular  to 
the  direction  in  which  the  velocity  of  the  water  at  exit  is  directed. 

In  the  modem  types  of  turlune  which  are  regulated  by  moving  the  guide 
vanes,  «,,  is  variable,  and  in  the  older  and  cheaper  types  which  were  regulwed 
by  means  of  a  cylinder  gate,  b^  is  variable. 

Then,  n'i  =  — ^.- 

and  for  preliminary  designs  we  can  put : 

2jai^i  =  jj(frDi  sin  3i— *ifi) 

=  — ' \ approximately  ; 

where  Si,  is  the  thickness  of  the  guide  vanes  at  exit,  and  d^  is  the  angle  which 
their  direction  at  exit  makes  with  the  tangent  to  a  circle  of  diameier  D,  ;  or 
more  accurately,  which  ihe  direction  of  the  velocity  iCi,  makes  with  this 
tangent. 

Now,  let  £],  a^,  6^,  s,  be  similar  quantities  for  the  entry  into  the  wheel  vanes, 
and  put  Q— fi-=Qi. 

Similarly,  in  preliminary  calculations  we  may  put : 
*»«i*i='*i(f  D»  sin  (3i-»»Jt)- 


Also, 


60  ■ 


where  n,  is  the  number  of  revolutions  which  the  tuihine  makes  per  minute. 

Now,  set  off  ABi=u^  on  any  convenient  scale,  and  in  a  direction  parallel 
to  V),  and  BjCg'^i'i,  in  a  direction  parallel  to  v^,  and  AD^tc,,  in  a  direction 
parallel  to  Wj. 

Thus,  the  angle  AB,C,=ir-ft,  and  the  angle  B,AD=ai- 

Now,  if  the  points  D,  and  Cj,  coincide,  the  entry  is  without  shock. 

The  case  is  then  fairly  simple.  We  need  not  in  practice  draw  any  very 
delicate  distinction  between  the  points  2,  and  3,  and  no  questions  regarding 
the  loss  of  head  at  entry  will  be  found  to  arise. 

The  numerical  conditions  are  obvious  : 


and  ^1 = /3i = Jj,  where -* 


ng. 


The  fact  that  $f  is  measured  between  the  positive  directions  of  «t,  and  v^  most 
be  remembered. 

If,  however,  as  shown  in  Sketch  No.  255,  the  points  Ci,  and  D,  do  not 
coincide,  the  theoretical "  velocity  of  shock  "  is  represented  by  the  line  DCt,  and 
some  shock  may  occur  at  entry.  The  deteiminaticMi  of  the  l»«cise  pwnt  of 
entry  into  the  turbine  now  becomes  uncertain.  Visual  study  of' many  glass 
models,  and  mathematical  investigations  of  recorded  experiments,  lead  me  to 
believe  that  the  vekxdties  are  spontaneously  adjusted  as  far  as  is  possible,  so 
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that  the  shock  may  be  mmimised.  The  question  can  be  investigated  by  con- 
sidering the  form  of  the  wheel  vanes  between  the  point  3,  and  the  point  3,  where 
the  water  is  completely  surrouiided  by  the  wheel  vanes  and  crowns,  and 
ascertaining  whether  an  fntermediate  point  e,  can  be  selected  which  will  imder 
the  shock  less  than  at  the  poiots  2,  or  3. 

The  matter  can  be  investigated  more  dafioitely  by  calculating 


Wl— 


60 


■    60   ' 


and  setting-off  ABftt,,  and  BfCtsfg,  where  the  angle  AB,C(=fr-ft,      and 
AB|,  represents  u^. 

In  Sketch  No.  255,  left-hand  figtnt;,  the  circumstances  have  been  purposely 
selected  so  that  iC[,  is  greater  than  Wj,  or  Wg.  Thus,  whatever  point  intermediate 
between  2,  and  3,  be  selected  as  the  pcnnt  of  entry,  some  shock  occurs,  and  the 


z,  Suide  titnes 


z,  Guide  Vanes 


Skbtch  No.  355. — Shock  at  Wheel  Entry. 

minimum  shock  is  represented  by  DC^.  These  circumstances  indicate  that  the 
design  is  bad  as  regards  shock  at  entry. 

Sketch  No.  35s,  right-hand  figure,  however,  shows  a  more  favourable  case, 
where  D  lies  between  C,  and  C„  so  Uiat  we  can  select  a  point  t,  say,  between 
3,  !uid  3,  wbere  the  velocities  Ui,  and  Ve,  would  compound  into  a  resultant  zCf, 
wUch  very  nearly  coincides  with  AD.  Tbe.  shock  velocity  DCi,  is  now  tag 
smaller  than : 

DCt,  which  corresponds  to  the  point  3,  as  "  point  of  entry,"  or  DCn  which 
corresponds  to  the  point  3i  as  "  point  of  entry." 

The  circumstances  at  the  point  e,  and  the  velocity  diagram  thus  detennined, 
are  believed  to  most  nearly  Tq>resent  the  actual  occunences  at  entry  into 
the  wheel 

We    may  tiow  assume '  that    there    is    a    loss  of   haad    represented   by 

-~-  at  entry  into  the  whiel. 
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The  matter  is  best  investigated  geonMrtricaUy,  as  has  already  been  indicated, 
but  if  desired,  the  formula  : 

DCt'=K',*+M',»-2a',«',  cos  (;8,-8^=W,» 
may  be  used,  and  we  find  that : 

the  head  lostby  shockss(r,H=— ^. 

If  our  knowledge  of  the  experimental  coefficients  determining  the  values  of 
the  various  loses  of  head  were  sufficiently  precise,  it  vrauld  now  be  advisable  to 
regard  the  point  denoted  by  suffix  e,  as  bdng  die  point  2,  in  equation  page  8S0, 
and  we  should  then  regard  the  motion  from  the  guide  vanes  to  the  wheel  vanes 
as  from  i,  to  e  (-2  or  3),  and  then  from  e,  to  the  point  denoted  by  4.  In  practice, 
the  refinement  is  imnecessary ;  and,  as  will  be  noticed,  the  distinctiDa  drawn 
between  the  points  3,  and  3,  is  referred  to  in  this  connection  only.  Hereaftci, 
the  suffix  2,  is  employed  without  distinction  for  all  points  at  entry  into  the 

The  distinction,  however,  may  be  advantageously  adopted  when  investi- 
gating cases  where  the  turbine  is  required  to  run  under  vaiiable  heads,  or  to 
develop  a  power  which  differs  greatly  from  that  which  was  assumed  when  its 
proportions  were  calculated. 

The  value  of  n,  can  then  be  taken  as  constant,  but  ai,  and  |9i  or  A|  will  vai; 
owing  to  the  different  positions  assumed  by  the  guide  vanes  during  regulation. 
Thus,  tC|,  varies,  and  in  consequence  the  point  e,  which  is  that  selected  as  2, 
wilt  also  vary.  The  theoretical  loss  of  head  at  entry  under  any  circumstances 
can  be  calculated. 

In  view  of  the  uncertainties  as  to  the  exact  valuesof  the  variotis  coefficients, 
any  numerical  investigation  except  for  the  noimal  conditions  {t.e.  the  speed  n, 
and  the  volume  Q,  so  adjusted  as  to  secure  entry  without  shock)  seems 
unnecessary  ;  but  there  is  no  doubt  that  when  comparing  proposed  designs  vre 
may  assume  that  the  turbine  in  which  the  shock  loss  is,  on  the  average,  least  is 
that  which  is  best  adapted  to  secure  high  efficiency  under  the  various  conditions 
of  regulation  considered. 

The  precise  commercial  value  of  the  properties  investigated  above  is 
doubtful.  As  an  expression  of  personal  opinion  only,  1  am  inclined  to  consider 
that  good  workmanship  and  solid  construction  are  far  more  important.  In 
practice,  however,  good  design  and  workmanship  as  a  rule  occur  tagetber,  so 
that  the  selection  of  a  turbine  is  not  usually  complicated  by  such  considerations. 

Passagt  through  the  Wheel,  r^  Mittrt. — The  division  of  the  tarbine  wheel 
into  a  series  of  partial  mrbines  has  now  to  be  considered.  The  assumptitms 
upon  which  the  process  is  founded  are  somewhat  flimsy.  Such  expeiimeats  as 
have  been  made  indicate  that  the  velocities  of  the  water  in  turbine  wheels  differ 
materially  from  those  obtained  by  the  methods  at  present  adopted.  The 
justificatian  for  the  assumptions  therribre  lies  in  the  feet  that  turbines  designed 
in  this  manner  are  highly  efficient.  The  principles  may  consequently  be 
considered  to  be  correct,  and  when  sufficient  experimental  data  are  available 
the  details  can  be  modified  in  the  manner  indicated  on  page  910,  so  as  to  secure 
additional  accuracy.  A  well-designed  turbine  is  already  so  efficient  that  it  is 
open  to  doubt  whether  any  great  practical  advantage  can  thus  be  secured.  The 
present  method  of  turbine  calculation  is  probably  quite  as  close  to  physical 
truth  as  are  any  other  engineering  calculations.    Additional  experimental  data 
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iMh«T  than  more  rcfinad  madtematical  metlioda  fonn  the  real  needs  «f  the 
designers  of  lurbaes. 

The  practical  difficulty  is  that  each  designer  appears  to  have  his  own 
particular .  method  of  determining  the  flow  lines  which  bomtd  the  partial 
turbines,  and  by  actual  trial  I  have  found  that  it  is  coueqnently  possible  to 
somewhat  under-estitnate  the  qualities  of  a  proposed  design  by  using  a  method 
which  differs  from  that  employed  by  its  designer.  A  reference  to  Sketch  Mo. 
3;6,  which  shows  partial  turbines  as  laid  out  by  the  methods  employed  by 
Gelfdce  and  Kaplan,  will  illustiate  this  point.  It  is  fiurly  evident  that  the  forms 
of  the  wheel  boundaries  AT,  and  CS,  have  been  materially  influenced  by  the 
difierence  in  method,  and  that  if  a  CurtMoe  is  scientifically  designed,  it  is  not 
very  easy  to  draw  by  any  sound  method  satisfaac»T  partial  turbines  which 
nutetially  di0i:r  from  those  obtained  if  the  designer's  own  methods  were  used. 

Gelpke's  method  is  as  follows  :  describe  a  circle  to  touch  the  crown  sections 


OelpkE  Kaplan 

Sketch  No.  356— Gelpke'i  and  Ksplan's  Methods  of  Dmwing  Partis]  Turbines. 

at  N|  and  H',  and  sketch  in  the  line  N^N't  which  is  perpendicular  to  both 
crowns.     Now  take  Pj,  so  that 

r,N',P,=r,N,P, 
Then  P,  is  a  point  on  the  middle  flow  line  P,Q,,  Similarly  we  can  select 
Pi  and  P(  and.  determine  corresponding  points  on  the  lines  NgN'^  and  N^N'i. 
Thus  3  or  7  flow  lines  and  4  or  S  partial  turbines  can  be  sketched  out.  The 
p-ocess  has  no  foundation  in  theoretical  hydrodynamics,  and  pt^nly  amounts 
to  making  the  areas  of  the  partial  turlnnes  equal  at  each  level  line  NN'.  Since 
Gelpke  distinctly  states  that  his  method  is  a.  preliminary  one,  it  appears  equally 
logical  and  less  laborious  to  adofM  Kaplan's  method,  which  consists  ai  taking 
AC,  the  entry  to  the  wheel,  as  a  level  line  and  dividing  it  into  equal  parts 
CPi,  PiP„  and  P^.  The  top  of  the  draft  tube  SQ,Q„  etc.,  is  also  uken  as  a 
level  line  and  divided  at  Qi,  Qti  so  that 

I'-.QiQi-f^.QfQ.-etc 
thus  producing  equal  areas  at  the  top  of  the  drafi  tube. 
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Nearly  all  designers  assume  that  the  velocities  of  the  water  are  unifonn  both 
across  the  wheel  entry  and  across  the  entry  into  the  draft  tube. 

Thus,  (Sketch  No.  2^7)  divide  up  the  wheel  height  ^1,  into  say  four  equal 
parts  AP],  PiPf,  etc.,  and  split  up  the  diameter  D,,  into  four  secticMis  BQi, 
QiQj,  etc.  such  that  the  areas  generated  by  the  sections  are  equal,  iu, : 

d^*-dj'=dt*  -  rf,* = rf,*  -<^' = d^*~at* = ^^* 

where  d^  is  the  diameter  of  (he  shaft,  and  in  this  particular  case  since  there  are 
only  4  partial  turbines,  d^'^'Q^. 

The  initial  and  final  points  on  the  boundaries  of  the  partial  turbines  pass 
through  P],  and  Q,,  Pj,  and  Qg,  respectively. 

The  determination  of  the  mnainder  of  the  boundaries  is  a  matter  of  judg- 

The  method  which  I  prefer  is  the  one  used  by  Kaplan  {Bau  raii^naJler 
Francisturbinen  Laufrader).  Kaplan  considers  the  path  of  a  particle  of  water 
■(or  rather  its  circular  projection  on  a  plane  through  the  axis  of  the  turbine)  as 
composed  of  arcs  of  circles,  and  straight  lines  of  the  form  shown  in  Sketch 
No.  256,  right-hand  figure.  The  assumption  is  bold,  and  it  must  at  once  be 
stated  that  ii  is  not  confirmed  by  experiment  Actually,  the  water  particles  near 
C,  refuse  to  follow  such  sharp  curves,  and  Gelpke's  method  gives  a  more 
probable  course.  The  only  justification  for  Kaplan's  method  is  that  it  is  the 
simplest  of  those  yet  proposed,  and  that  none  other  appears  to  give  results 
which  are  closer  to  the  truth.  My  own  belief  is  that  Kaplan's  assumption  is 
quite  sufficiently  correct  for  the  upper  half  of  the  vanes  in  the  case  of  very  wide 
turbines  such  as  are  now  considered,  and  that  for  the  three  lower  partial  turbines 
a  very  fair  approximation  is  obtained.  The  method  might  be  slightly  improved 
by  distributing  the  water,  not  equally  between  the  partial  turbines  (j>.  V',  to 
each),  but  say  in  the  ratio  o'i4  Q„  for  the  lowest,  and  0*15  Qi,  017  Q,,  aiS  Qi, 
o-i8  Q(,  018  Q„  for  the  others  in  order. 

It  will  be  plain  that  except  in  the  very  largest  and  most  carefully  constracted 
turbines  such  refinemenis  would  produce  variations  in  the  calculated  angles, 
which  are  hardly  capable  of  reproduction  in  the  forms  of  the  vanes  as  actually 
OOTistrvcted.  Even  the  most  skilled  designers  are  rarely  able  both  to  satisfy 
rigidly  all  the  geometrical  conditions  obtained  by  calculation,  and  to  produce  a 
nicely  formed  and  easily  constructed  vane. 

The  final  design  of  a  vane  is  a  compromise  between  theoretical  requirements 
and  practical  considerations,  and  many  firms  of  turbine  builders  have  also 
expended  considerable  sums  of  money  in  experimental  research.  TTius,  except 
when  working  up  the  results  of  refined  experiments,  the  assumption  that  the 
water  is  equally  distributed  between  the  partial  turbines  appears  to  be  justifiable. 

Each  partial  turbine  thus  sketched  out  is  now  considered  as  a  separate 
machine  passing  a  quantity  of  water  equal  to  ^'  cusecs,  under  a  head  H. 
Where/  denotes  the  number  of  partial  turbines. 

We  have  already  determined  the  pressures  at  entry  into  and  exit  from  the 
wheel,  so  that  the  assumed  efficiency  will  (iheoreticllly  speaking)  be  obtained. 

Thus,  we  have  merely  to  satisfy  the  geometrical  conditions  at  exit. 

The  value  of  jJ,  depends  upon  the  type  <rf  turbine  adopted. 
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As  a  rale,  it  will  be  fornid  that : 

For  Types  I.  or  ll.,;t=6or  8. 

For  Types  III.  to  V,/=4or6. 

For  Types  VI.  to  VIII.  there  appears  to  be  but  5%ht  reason  for  taking 
more  than  two  partial  turlnnes. 

Conditions  at  Exit,  <r4.-^As  a  general  rule,  it  is  assumed  that  the  abscriute 
velocity  of  the  water  in  space  at  exit  from  the.  wheel  is  "radial"  in  direction. 
This  term  is  a  relic  of  the  old  types  of  turbines  where  the  wheel  was  so  narrow 
in  cnnparison  with  its  diameter  at  exit,  that  the  problem  could  be  (or  rather 
was  in  practice  somewhat  unjtistiliBbly)  sstumed  to  be  one  of  motion  in  two 
dimensions. 

Sketch  No-  257  shows  clearly  that  this  assumption  is  erroneous  in  the  case 
of  modem  turbines.  The  water  at  exit  from  the  wheel  has  an  'axiai  velocity 
^ng  the  flow  line,  and  the  condition  which  is  really  considered  is  the  value  of 
ii,  the  (space)  angle  between  the  directions  »,,  and  W4. 

The  wtit  is  tenned  "r»dial"  when  <).— 90  degrees,  and  the  exit  is  at 
10  degrees  forward  when  8^  =  ioo  degrees. 

There  is  no  very  great  reason  to  believe  that  radial  exit  has  any  virtue  in 
itself,  especially  where  the  turbine  is  provided  with  a  long,  and  well  formed 
draft  tube. 

In  modem  designs  we  generally  find  that  if  entry  into  the  wheel  without 
shock  (for  the  case  where  the  point  2,  is  selected  as  the  point  of  entry  as  on 
p.  907)  occurs  when  Q,  cusecs,  pass  tlirough  the  turbine,  radial  exit  usually 
takes  place  when  approximately  ^  cusecs  pass  through  the  turbine.  Conse- 
quently, when  Q,  cusecs  pass  through  the  turbine,  84  is  about  100  degrees,  and, 
as  a  rule,  Q,  is  so  selected  that  it  is  the  maximum  quantity  of  water  that  the 
turbine  can  pass. 

The  process  for  determining  the  exit  angles  of  the  wheel  vanes  is  as  follows. 

Calculate  the  area  available  for  the  passage  of  water  at  exit  from  each 
partial  tnrbine,  say  ,^4,  where  ^,  is  a  prefix  denoting  the  number  of  the  partial 
tiurbine. 

Thus,  ^„  the  relative  velocity  of  exit  at  the  point  Y,  is  given  by : 

We  can  also  calculate,  ,«(=    y*  -,  the  velocity  of  rotation  of  the  point 

of  exit. 

We  thus  determine  the  (space)  velocity  triangle  A,B,Cn  where  ArBr3=^4, 
and  &yC,=fVt,  and  the  condition  which  must  be  satisfied  is  that  the  angle 
BfA^i— A  (where  ^4,  is  written  for  6,  in  order  to  show  diat  ^4  may  vary  from 
point  to  point  along  the  exit  edge  of  the  gmde  vane)  should  be  either  90  or 
100  degrees,  or  whatever  value  has  beett  elected. 

We  thus  determine  the  angle  ^4^0-— A^B^C^  (ihe  exit  angle  of  the  vane) 
for  as  many  points  on  the  exit  edge  of  the  guide  vane  as  there  are  partial 
turbines.  It  must  be  carefully  bome  in  mind  that  the  angles  thus  determined 
are  the  angles  between  ,^4,  and  ^„  and  are  therefore  (space)  angles  measured 
in  a  certain  plane  which  is  fixed  by  the  fact  that  the  projection  of  ,^4  on  the 
vertical  projection  drawing  is  the  flow  line  through  the  point  Y,  so  that  the 
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direction  in  which  the  angle  is  measured  varies  at  every  point  along  tbe  ent 
edge  of  the  wheel  vane. 

In  practice  we  must  obtain  the  angle  i^^  by  successive  appraxiaiation  ;  since 
any  alteration  in  1^4  ^so  alters  ^Af,  and  therefore  ^^. 

Consider  any  one  of  the  partial  turbines,  say  FiQi  and  P^Q*,  and  let  H, 
denote  the  middle  point  of  the  exit  area  ((>.  M  is  the  projecdoa  of  the  nuss 
centre  of  ^AO-  I^t  Wh,  represent  the  component  of  mZi/j  or  ^^  perpendicnlBi 
to  mUi  <i.e.  n's-mO't  sin  Jl,).     Pnt  MiMMt°=M: 

Let  K,  be  a  point  dose  to  M,  juat  outside  the  wheel,  such  that  HK,  is  a  flow 
line,  and  let  tc*,  be  the  velocity  of  the  water  at  K,  in  a  direction  parallel  to  HK. 

Then    n^  is    calculated    by  measuring  the    length  KiKKfC-i^  s»y,  foi 


fidUun  Oiff^mtrM 


Sketch  No.  157.— Detenniiutiaa  of  the  Approximate  Exit  Ai^le. 

We  also  know  that  w^  should  not  differ  materially  from  Wi,  in  order  to 
avoid  detrimental  shock  at  exit. 

Thus,  construct  the  triangle  ABC,  where  AB^Hn  or  Ut  (ifthese  differ  materi- 
ally) and  AC=a't,  and  BAG  is  arightanE:le.  Then  the  angle  ABC  isa[q>roxim- 
atety  equal  to  ir— Ab,  where  (3„  is  the  required  vahie  of  0,  at  the  point  M. 

Set  off  along  BC,  the  length  BD=~ — -=tm  say,  on  any  convenient  scale. 

Then  draw  DE  perpendicular  to  BC. 

Then  DE  represents  a^-\-Sm,  the  width  of  the  passage  between  two  consec- 
utive wheel  vanes  when  the  exit  angle  is  ABC,  and  when  the  wheel  vanes  have 
no  thickness.     If  Sm,  be  the  thickness  of  a  vane,  the  nett  exit  area  is  rAiO.,  where 

^=»(=M,MM»,and  i'«=7-^'^-,  is  .approxitnately  the  value  of  V4  at  tbe 
point  M, 
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The  velocity  diagram  AB„C.,  can  now  be  drawn  with  AB™=»(m=  -^ 

and  Bb,C»=7'„,  as  above  obtained. 

A  more  correct  value  of  the  exit  angle  ^4=)t— AB^C™,  and  the  exit  velocity 
can  thus  be  calculated,  and  the  condition  S^^go  or  too  degrees,  as  the  case  may 
be,  can  be  taken  into  account.  E.g.  in  the  sketch  it  is  plain  that  if  radial  exit  be 
required  /S^  must  be  decreased  ;  thus  a^  will  be  increased  and  the  corrected 
value  of  v„  will  therefore  be  decreased.  Thus  the  final  design  will  make  n/„ 
more  nearly  equal  to  iVk,  and  JU  more  nearly  90  degrees,  than  is  shown  in  the 
sketch. 

The  whole  of  the  quantities  considered  are  measurable  from  the  drawings, 
so  that  m'!'t=v„  is  determined. 

This  is  of  course  only  a  first  approximation  to  v„,  but  we  can  now  ascertain 
whether  «>„,  differs  materially  from  vh,,  and  cftn' adjust  the  angle  A6nC„,  so  as 
to  cause  ^i,  to  have  the  correct  direction  {t.e.  ACm  should  be  perpendicular  to 
AB™,  if  "radial  exit"  is  desired). 

The  value  of  om,  can  now  be  corrected  for  the  alteration  caused  by  the 
angle  ABnCt,  not  being  equal  to  the  angle  ABC,  and  a  new  (and  presumably 
sufficiently  accurate)  value  of  mVt  can  be  calculated. 

The  value  of  the  angle  AH=jr- AB«Cm,  which  a  line  traced  on  ihe  vane 
plane  in  a  direction  the  projection  of  which  on  a  plane  through  the  axis  of  the 
turbine  is  MK,  makes  with  the  direction  ««,  or  ,1/4,  is  thus  obtained  under  the 
assumption  that  the  "  exit  is  in  a  given  direction  "  {e^.  radial  or  at  10  degrees 
forward)  when  the  turbine  runs  at  n,  revolutions  per  minute,  and  Qi,  cusecs  of 
water  pass  through  the  wheel. 

In  this  manner  we  can  detennine  the  angle  of  inclination  of  lines  traced  in 
definite  directions  on  the  wheel  vanes  at  p,  points  ;  and  the  complete  design  of 
ihe  vanes  consists  in,  so  to  say,  stretching  a  fair  formed  skin  over  a  skeleton 
thus  obtained. 

The  actual  design  of  a  wheel  vane  of  types  such  as  I.  to  IV.,  is  a  problem 
for  the  skilled  draughtsman,  and  the  forms  adopted  by  most  firms  have  been 
arrived  at  by  some  such  mathematical  method  as  that  sketched  above  checked 
by  careful  experimenting  (in  the  case  of  American  types  of  turbines,  1  believe, 
almost  wholly  by  experiment).  The  above  process  enables  us  to  check  the 
dimensions  of  an  existing  turbine,  and  to  detect  any  gross  errors.  The  method, 
mathematically  considered,  is  a  weak  one,  and  only  leads  to  accurate  results 
when  carefully  employed.  The  system  of  drawing  the  partial  turbines  used  by 
Gelpke  {ut  supra)  is  in  some  ways  more  satisfactory  from  a  theoretical  point  of 
view.  In  actual  practice,  however,  Gelpke's  system  is  so  complicated  thai 
unless  regularly  employed  confusion  is  bound  to  occur.  When  tested  by  high 
efficiency  under  working  conditions,  no  appreciable  difference  exists  between 
turbines  designed  by  either  method. 

The  method  of  testing  a  given  design  is  obvious  :  mV(,  and  mUi,  can  be 
calcidated,  and  the  value  and  direction  of  ••B't,  can  be  geometrically  determined. 
This  can  be  compared  with  w^  as  determined  by  measurement. 

The  losses  at  exit  are  then  as  follows  : 

(i)  Loss  by  non-radial  exit  is  equal  to  "  ■*  *. 

(ii)  Loss  by  shock  of  water  on  water  at  exit  is  equal  to  "■  *  -  ■ -^ -. 
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The  methods  of  determining  these  losses  are  apparent. 

The  average  of  (he  sura  of  the  above  losses  when  expressed  as  fractions  ri 
H,  for  all  the  partial  turbines  is  denoted  by  cr4H. 

It  is  difficuh  to  estimate  (r»+T4)H,  the  loss  during  passage   through  iLe 

Our  present  information  hardly  justifies  more  than  the  following  process. 

Calculate  yV„  the  velocity  at  various  points  intermediate  between  entry  and 
exit,  by  measuring  £.=X,XXg,  and  calculating  a^  by  the  method  illustrated  in 
Sketch  No.  249  (p.  873).  Then  any  marked  difference  between  ,7'^  and  ,5',, 
where  X,  and  X',  are  points  close  to  one  another  on  the  same  flow  line,  is  deir- 
mentaL  So  also,  any  marked  difference  between  fV,,  and  n^«i  where  XX^  is 
a  line  perpendicular  to  the  flow  line,  and  y,  and  j-i,  denote  two  adjacen; 
partial  turbines,  is  probably  caused  by  incorrect  drawing  of  the  flow  lines,  and 
should  be  investigated.    The  more  accurate  methods  will  be  discussed  later. 

No  numerical  rules  can  be  given,  but  an  investigation  of  the  efficiencies  of 
well-designed  turbines  (the  proportions  of  badly  designed  turbines  arc  never 
published)  renders  it  probable  that  if  the  above  conditions  are  fulfilled  (t,  +r,)H. 
is  about  one  and  a  half  times  to  twice  as  large  as  would  be  indicated  by  aj^y- 
ing  the  usual  rules  for  skin  friction. 

Accurate  Method  OF  OKLJ'Ks.—Thta.'bovt  method  is  probably  the  best 
when  it  is  desired  to  investigate  the  efficiency  of  an  existing  turbine.  Wbere, 
however,  it  is  desired  to  design  a  turbine  of  a  previously  determined  efficiency  (. 
the  following  method  of  Gelpke  («/  supra,  pp.  6z  and  94)  is  employed  : 

Consider  the  general  equation  : 

^^^ «'■*-«','  _^v,*-Vt*  ^"i*-",'' 

3/  V  2^ 

This  refers  lo  a  case  where  there  is  no  shock  loss  at  entry,  and  where  the 
exit  is  "radial,"  and  without  shock.  If  losses  of  these  kinds  occur,  we  ha\e, 
considering  the  partial  turbine  M  : 

2^  2g       2g  2£  2£ 

where,  for  the  sake  of  clearness,  iWf  is  written  for  the  velocity  of  the  water,  just 
outside  the  wheel  vanes,  and  „»,  represents  the  velocity  of  the  corresponding 
portion  of  the  vane  edge.    The  first  four  terms  on  the  right-hand  side  of  the 

equation  are  the  same  for  all  the  partial  turbines  ;  and  '  - ""  -*-  can  be  deter- 
mined by  measuring  n'41  or  ^«. 

Also,  -—  "^— *  =(r,-l-T(i)H  approximately,  and  is  given  as  one  of  the 
principal  conditions  of  the  design  of  the  turbine. 

We  thus  arrive  at  the  formula  : 

where  +H,  represents, 


."j!* 


all  converted  info  fractions  of  H. 

We  thus  calculate  „v^  for  each  partial  turbine. 


Digilzed  by  Google 


GELPKES  METHOD  915 

Also  .a-i  sin  „^=^;^^__ 

where  ^„=MjMMs  (see  Sketch  No,  257),  and  /,  is  a  coefficient  depending  on 
the  thickness  of  the  wheel  vanes,  which  may  be  taken  as  085,  to  090  for  pre- 
liminary work. 

We  can  now  correct  the  preliminary  value  of  ,,1/4,  by  the  equation  : 

MV4*_«.f«'  ,  ■W^*  sin*  m\_tfib^—VI^  ,j, 

i.g        ^S  '^g  ^g 

and  a  preliminary  value  ot,„i9j  can  now  be  obtained  by  setting  off  m«'4  sin  b*4> 
„V,  and  „tt„  in  the  proper  directions. 

We  can  now  calailate  a  more  accurate  value : 


.W4sin„«4-- 


S"''"..— «■»*— 


.'  »»  sin' 


n  ^t  cos  ^ 

where  ^  is  the  angle  between  M(M„  and  EiEg,  the  vane  edges  (see  p.  917). 

A  still  more  accurate  value  of  „V<  can  now  be  secured  by  putting  mW^,  for 
B.4C,  in  Equation  No.  (i),  and  th«s  the  final  corrected  value  of  ^^  can  be 
obtained. 

The  process  is  essentially  an  endeavour  to  allow  for  the  shock  losses  ay  and 
(Tf  (which  is  variable  as  M  alters)  and  to  make  each  partial  turbine ^«rM  of  an 
efficiency  equal  to  ». 

In  practice  the  distribution  of  the  velocities  at  the  exit  edge  of  the  vane 
derived  by  this  method  differs  somewhat  from  that  obtained  when  the  simpler 
method  previously  given  is  employed  to  design  the  turbine.  Neither  method 
produces  a  distribution  entirely  resembling  that  which  experiments  lead  us  to 
believe  occurs,  but  Gelpke's  method  is  closest  to  the  results  of  such  experiments 
as  have  yet  been  made.  It  is  consequently  probable  (quite  apart  from  the 
authority  which  is  attached  to  any  statement  made  by  Gelpke)  that  This  method 
will  lead  to  better  results  than  any  other.  Nevertheless,  it  does  not  appear 
advisable  to  consider  a  turbine  designed  on  these  lines  as  necessarily  more 
efficient  than  any  other  carefully  designed  machine. 

Geombtky  of  Wheel  Vai^es  (see  Sketch  No.  25B).— The  formulse 
and  geometrical  constructions  developed  on  page  912  and  in  Sketch  No.  349, 
afford  a  means  of  obtaining  the  area  of  the  cross-section  of  the  tube  formed  by 
two  consecutive  wheel  vanes  with  sufficient  accuracy  for  preliminary  designs. 

More  accurate  methods  are,  however,  desirable  when  testing  the  lay  out 
of  an  existing  turbine,  especially  when,  as  is  frequently  the  case  in  Types 
I.,  II.,  and  III.,  the  area  occupied  by  the  metal  of  the  wheel  vanes  forms  an 
appreciable  portion  of  the  gross  cross -section. 

For  the  sake  of  clearness  let  us  assume  that  the  axis  of  the  turbine  wheel 
is  vertical,  and  that  the  water  is  discharged  downwards. 

The  following  is  a  list  of  the  makers^  drawings  ; 

(i)  A  circular  projection  of  the  wheel  crowns,  and  vane  edges,  on  a  vertical 
plane  through  the  turbine  axis.  This  will  be  referred  to  as  the  Vertical 
Projection.    (Fig.  i.) 

(ii)  A  plan,  or  vertical  projection  of  the  wheel  vane  edges  od  a  horizontal 
plane.    This  we  call  the  Horizontal  Plan.    (Fig.  2.) 
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Ii  IS  assumed  that  the  flow  lines,  or  partial  turbine  boundaries,  have  bee:: 
traced  on  the  vertical  projection,  and  if  necessary  corrected  in  accordance  ■<f"y 
the  results  of  the  preliminary  investigations. 

Consider  any  point  X,  on  a  wheel  vane.  Draw  XF,thc  flow  line  Ihroo^h  X. 
and  X,XX,  (where  XrX  =  XX,)  perpendicular  to  XF,  in  Fij;.  i,  of  any  to:; 
vcnient  length.     Through  Xr,  and  X,,,  <lraw  flow  lines  XrFr,  and  X.F^    Ir. 


Sketch  No.  258,— Determination  of  the  Relative  Velocities  and  Accuiale  Exit  Ai^lc. 


practice  XrFr,  and  X,Fi  are  conveuientiy  laken  a.%  partial  turbine  boundaries. 
Let  X'rX'q  F'rF'n  etc.  denote  corresponding  points  on  the  next  wheel  \'ane. 
Denote  all  quantities  referring  to  X,  by  the  suffix  x. 

We  wish  to  ascertain  the  nett  area  (allowance  being  made  for  the  space 
occupied  by  the  metal  of  the  wheel  vane)  available  for  the  passage  of  waier 
between  the  two  vanes,  and  the  two  cylindrical  surfaces  generated  by  X,Fr,  and 
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X.Fr    This  area  must  obviously  be  measured  normal  to  the  direction  of  v^  the 
relative  velocity  of  the  water  at  X. 

Consider  either  Fig.  3,  a  "perspective"  sketch,  or  Fig.  4,  a  spherical 
diagram. 

Draw  XR,  in  the  directionrnXs  vertically  downwards,  andXU,peq)endicular 
to  XR  and  Xa,  and  therefore  in  the  direction  of  u^  Lei  XNVE,  be  the  vane 
plane.  In  this  plane  draw  XN  the  projection  of  XU  on  the  plane,  XV  the 
direction  of  »„  and  XE  the  intersection  of  the  plane  with  the  plane  XR»,  In 
Fig,  I,  drawErXE,  parallel  to  XE,  which  is  at  present  not  accurately  determined. 
Now,  we  know  the  following  quantities  approximately  : 

,8i.=- angle  UXV=arc  UV,  the  angle  between  u,  and  v^ 
mM=XrXi,  the  perpendicular  distance  between  the  flow  lines  XrFr)  and 
X,F,,  measured  in  a  vertical  plane. 
The  following  quantities  are  at  present  unknown ; 
y,=angle  UXN  =  arcUN. 

i;.=  EfE,,  the  length  intercepted  between  two  flow  lines  on  the  inter- 
section of  the  vane  plane  and  a  vertical  plane. 
*,=angle    FXE  =  arc  FE  =  angle  FUE,  the  angle  between    XF 
and  XE,. 

Also  XX'=?^=2r.  sin  -,  if  "  be  a  large  angle  ;  and  XX'  lies  along  XU, 

El  S3  3, 

and  therefore  makes  an  angle  ^  -  y.  with  the  normal  to  the  vane  face. 

The  gross  area  available  for  water  passage  measured  normal  to  XV,  with 
no  deductions  for  the  thickness  of  vanes,  is  given  by 

E,E,  sin  VXE.XX'  sin  UXV=^,  sin  VXE  —>  sin  y.. 
The  nett  area  A^^  is  obtained  by  putting  5^  sin  y,-s„  for  — '^  sin  y., 

where  s„  is  the  thickness  of  the  vane  at  X,  measured  normal  to  the  vane  face. 
Now,  since  VFE,  is  a  right  angle, 


e  UNV,  is  a  right  angle,  we  have  : 

sinJJVN     sin  UVN_  ^'"_  3   ^ 
"sin  UN  "^    siny,       sin  UV 

Thus,  sin  VXE=^'"  ^  ''"  ^ 


Thus,  A.=r^  sin  ^,  ?!5j^  f?^  sin  y,~s.} 
^  sin  y,  ".  a,  -' 

,,,sin*.tesinA-..'4^} 

=  »<.f-'"''sini3..-j/-i-"-^'1  ;  since  plainly,  ErE.  s 
l   g.  siny,J 
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Thus,  except  for  the  relatively  small  correction  tenn  in  j«  the  area  A„  is 
expressed  in  terms  of  easily  measurable  quantities.  Also  .  -  is  alwa^ 
greater  than  i,  except  when  N,  and  V,  coincide,  and  then  sin  J3,=sin  Vn  ^^ 
<p,=  —  Thus,  the  obstruction  produced  by  the  guide  vane  metal  is  least  wbec 
the  direction  of  Vi,  and  the  projection  of  tt,  on  the  vane  plane  coincide  ;  ai»l 
as  a  general  principle  the  flow  lines  should  be  as  nearly  as  possible  perpendicular 
to  the  lines  of  intersection  of  the  vane  plane  and  the  vertical  plane  througii  tbe 

Returning  to  the  general  problem  : 

EUN,  is  a  right  an^rfe.  Thus,  NUV=|-^„  and  from  the  right  angled 
triangle  VNU,  we  get : 


-^^■'-^Sm-m. 

sin  &  sin*,         _         sin  A  sin*. 

n/cos»  A+sinM.  sin' *.    V  ,--sin»  A  cos»^ 

Substituting,  v 

eget ; 

A.— .("'■- ,i„  fi,-,,} "  1  -  »»■  a  CO.- *. 

Thus,  once  the  direction  ErE.  is  laid  off  the  nett  area  can  be  determined  in 
terms  of  $g,  which  is  approximately  known,  and  0^  which  is  measurable. 

The  most  important  case  is  when  X,  is  a  point  at  exit  from  the  wheel  vane. 
In  the  majority  of  eases  ((f.j.  in  Sketch  No.  249)  the  exit  edge  of  the  wheel  vane 
is  a  radial  plane,  thus  the  wheel  vane  edge  as  shown  in  the  vertical  projection 
is  the  direction  E,Ei,  and  the  angle  ,^4=*,  can  be  measured  at  once. 

In  Sketch  No.  253,  however,  the  wheel  vane  edge  is  a  rather  complicated 
curve.  The  question  has  been  considered  by  Gelpke  (p.  33),  The  correction 
obviously  only  affects  the  term  s,,  and  at  the  exit  edge  s„  owing  to  the  vanes 
being  sharpened,  is  usually  small.  Thus,  the  following  correction  scans 
praaically  unnecessary. 

Put  «i  for  the  measured  angle  between  the  flow  line  and  the  vane  edge  in 
the  vertical  projection. 

^,  for  the  measured  angle  between  the  vertical  and  the  vane  edge  in  the 
vertical  projection. 

Urn  for  the  measured  angle  between  the  vane  edge  and  the  radius  in  the 
horizontal  plan. 

Then,  the  measured  vane  edge  length,  between  two  flow  lines,  is  E,,  say, 
and,  _  _^^_ 

''=^-\/'+^'"*+'"'"*'^/'+       ^li  \ 

\       E;»"wn'T.'~'V 

and  approximately,  'i=Ej^'i4^in'i7tan'u 

Now,  we  have  e,  sin  0i  =  »i.=  E.  sinfii. 

Thus,  the  correction  factor  is  obtained  by  using  the  calculated  angle  <f>,  in 
place  of  the  measured  angle  ♦r 

1  have  applied  this  formula  to  check  the  vane  shown  in  Sketch  No.  252,  in 
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which  the  exit  edge  departs  greatly  from  a  radial  plane.  The  differences 
disclosed  are  relatively  large,  but  the  efTect  on  the  nett  a.rea  A.,  is  so  small  that 
I  consider  the  extra  calculations  useless,  unless  the  workmanship  of  ihe  turbine 
is  far  more  accurate  than  is  usually  the  case.  The  sketch  shows  a  very  iat^e 
and  well  designed  turbine,  and  is  the  only  example  that  I  have  ever  considered 
would  repay  the  labour  entailed. 

The  area  An  being  determined,  we  have : 

where/,  is  the  number  of  partial  turbines. 

Thus,  the  whole  tnrcumstances  of  the  motion  are  determinable. 

PraclUal  Testing  of  Wheel  Vanei. — The  above  process  allows  us  to  test  the 
drawings  of  a  turbine. 

The  determination  of  similar  quantities  in  an  existing  turbine  is  somewhat 
laborious.  I  have  «nployed  the  following  methods  in  several  cases.  Assume 
that  flat  strips  of  thin  lead  about  \,  to  1  inch  wide  are  moulded  along  horizontal 
lines  traced  on  Ihe  vanes,  ix.  intersections  of  the  vane  plane  with  horizontal 
plaiKB.  These  strips  can  be  laid  down  edgewise  on  a  drawing  board,  and  the 
following  angles  determined.    (See  Sketch  No.  25S,  Fig.  4.) 

The  angle  fl.^UXA,  which  the  tangent  to  the  trace  of  the  strip  cm  the 
board  makes  with  the  perpendicular  to  the  radius- 

The  angle  — t=aXB,  which  the  line  perpendicular  to  the  board  in  the 

plane  of  the  strip  near  X,  makes  with  the  vertical ;  so  that  f^  is  the  angle 
between  this  line  and  the  direction  of  »« 

Thus,  arc  UA-tf„  and  arc  UB=fr 

Denoti^  the  angle  NUA  by  «». 

Then,  tan  7,=tan  6,  cos  i,=tan  C.  sin  kj. 

„  tan  *,  tan  f. 

Thus,  tan  yi=-^^-=st,^  ■— „— . 
'      Vtan^fl^+tan^i, 

*"**  *='*^  "'=IS 
Thus,  the  point  N,  is  determined. 

Also,  we  know  from  the  drawings,  or  from  the  preliminary  calculations,  ^^ 
and  ^^  and  can  calculate  another  value  of  y«  say  X'^,  from : 

tanX',<=tan/^sin  ^, 

The  values  of  y  and  X,  can  be  compared,  or  the  value  of  ^  say  ^'„  cal- 
culated from: 

tan  y,=  tan&sin  ^, 

compared  with  that  obtained  from  the  drawings. 

As  already  indicated,  at  -points  removed  from  the  vane  edges  the  best 

condition,  ifobuinable,  is  that  given  by  ^=,-,  orA=y.- 

The  process  is  only  a  rough  one,  as  neither  9„  nor  („  can  be  .iccurately 
measured,  but  it  affords  a  very  fair  insight  into  the  workmanship  and  accuracy 
ofthei-anes.     I  believe  that  some  tnrbine  designers  employ  similar  methods, 
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as  in  one  very  efficient  low  head  (Type  1.)  turbine  thus  studied  it  was  qiat 

plain  thai  the  condition  </>—-,  had  been  very  carefully  followed,  even  wheoi: 

entailed  a  markedly  non- radial  exit.    A  study  of  this  particular  turbine  ha&kd 

me  to  consider  that  if  the  draft  tube  is  well  proportioned,  and  tapers  widdj. 

the  loss  by   non-radial   exit  (see  p.   913)   is   regained   by   greater    draft  tubt 

efficiency. 

Mechanical  Design  of  Tcjubines.— {a)  End  Pressures. — If  Sketch  No. 
251  is  considered,  and  the  hole  E,  is  assumed  not  to  exist,  it  will  be  plain  ibai 
the  space  C,  would  soon  be  filled  with  water  at  a  pressure^,.  The  presstue  at 
any  point  on  the  underside  of  the  upper  crown  of  the  wheel  depends  upon  ibc 
distance  from  the  axis,  but  is  plainly  less  than  p^,  and,  as  has  been  shown,  mar 
be  less  than  atmospheric  near  the  axis.  Thus,  the  wheel  would  be  exposed  tv 
a  very  heavy  endways  pressure,  and  the  load  on  the  footstep  bearing'  F,  wooU 
be  far  greater  than  that  caused  by  the  weight  of  the  wheeL 

Owing  to  the  existence  of  the  hole  £,  the  pressure  <MI  die  upper  side  is  bu 
small,  and  if  the  area  of  the  bole  be  large  in  comparison  with  the  leakage  area 
2irriet,  the  resultant  pressure  is  probably  upwards,'  and  tends  to  decrease  tbc 
pressure  on  the  bearing  F,  the  weight  of  the  turbine  being  wholly  or  partiallf 

The  question  can  be  mathematically  investigated  as  follows : 
Let  p„  be  the  difference  between   the  pressure  in  the  space  G,  and  the 
pressure  at  the  top  of  the  draft  tube,    p^,  can  be  calculated  when^,— /Ij— itj+^i 
is  known,  if  the  areas  and  coefficients  of  discharge  of  the  leakage  strip  iBrti, 
and  the  hole  E,  are  determined  ;  as  a  first  approximation,  p,=o. 

The  resultant  upward  pressure  of  the  water  inside  the  turbine  on  both 

crowns  is  equal  to  -~-~  — *-i  as  this  expresses  the  vertical  momentum  generaicd 

in  one  second  (the  correction  in  cases  such  as  cone  turbines  where  the  velocit;' 
at  entry  into  the  wheel  is  not  in  a  horizontal  plane,  is  obvious). 

Thus,  if  W,,  be  the  weight  of  the  wheel,  shaft,  etc.,  the  resultant  force  in  an 
upward  direction  is : 

A    *   g        A    ^° 

In  turbines  of  Types  1.  or  II.,  especially  if  the  shaft  is  horizontal,  so  that  Wi, 
is  o,  this  force  may  be  small,  or  it  may  even  be  advisable  to  make 
A=A~/i-'*i+^s.  '-'■  to  abolish  the  hole  E, 

In  these  cases,  and  in  double  turbines,  the  force  is  not  large,  and  a  thrust 
bearing  capable  of  taking  a  small  end  pressure  suffices.  The  thrust  bearing 
can  ne\-er  be  entirely  omitted,  as  the  loss  in  efficiency  by  the'whee!  getting  ewn 
slightly  out  of  position  with  reference  to  the  guide  crowns  is  too  great  to  alio* 
any  risk  to  be  taken. 

As  a  rule,  however,  the  resultant  force  is  downwardly  directed,  and  when 
H,  is  large,  the  m^nitude  of  the  force  thus  produced  is  great,  and  a  balancing 
piston  and  cylinder  of  the  character  indicated  in  Fig.  3,  Sketch  No.  350,  is 
required.  An  exact  calculation  of  the  sire  of  the  piston  and  of  the  pressure 
required  to  produce  balance  is  impossible,  although  the  formula  given  pemuis  a 
dose  approximation  to  be  made. 

From  a  practical  point  of  view  this  is  not  important,  as  a  very  exact  adjust- 
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m«nt  of  the  pressure  difference  on  the  two  sides  of  the  piston  can  be  secured 
by  manipulating  the  valve  which  controls  the  supply  of  pressure  water  to  the 
underside  of  the  piston.  In  the  sketch,  water  taken  from  the  supply  10  the 
turbine  is  used,  and  no  regulating  valve  exists,  so  that  adjustment  is  not  possible. 
Large  modem  turbines  arc  usually  provided  wilh  a  system  of  lubrication  by 
which  oil  under  pressure  is  pumped  through  the  bearings  by  means  of  a  small 
pump  driven  off  the  shaft  of  the  turbine.  In  such  cases  the  oil  is  usually 
pumped  under  the  balancing  piston,  and  is  also  employed  to  work  the  regulating 
machinery.  In  turbines  which  only  receive  water  over  a  portion  of  the  cir- 
cumference of  the  wheel  (see  p.  864)  sideways  pressures  may  obviously  occur. 
Such  pressures  are  usu^ly  eliminated  by  supplying  water  at  two  places 
symmetricaUy  sitttated  with  respect  to  the  turbine  axis. 

In  view  of  the  losses  disclosed  by  the  discussion  on  page  904,  it  is  necessary, 
especially  in  high  speed  turbines,  to  investigate  the  balancing  of  the  wheel,  its 
shaft,  and  all  ripdly  connected  bodies  around  the  axis  of  the  wheel  shaft.  If 
W,  be  the  total  weight  of  the  rotating  bodies  in  lbs.,  and  their  mass  centre  be 
situated  at  a  distance  of  r,  feet  from  the  geometrical  axis,  the  "centrifugal 

force"  is  given  by  F=—    ''  (  "^)   ""^^ 

and  the  shafl  deflection  produced  with  say  r=o'oi'=J"  should  be  investigated. 
Uncertainties  as  to  the  exact  value  of  F,  are  avoided  by  remembering  that  if 
«=6o,  id.  I  revolution  per  second,  F=W  lbs.,  when  r=o•%l^  feet, 
or  r=  10  inches  approximately. 

Proportions  of  Turbine  Shafts. — The  shafts  of  turbines  are  unusually  favour- 
ably situated  as  regards  liability  to  shock. 

The  twisting  moment  is  given  by  the  equation  : 


T=63,o 


N 


—       inch-lbs. 


Horizontal  turbine  shafts  are  exposed  to  bending  moments  produ<^ed  by 
the  weight  of  the  wheel.  The  shafts  of  Pelion  wheels  and  other  turbines 
which  receive  water  only  over  a  portion  of  iheir  circumference  are  also 
exposed  to  bending  moments  produced  by  the  sideways  pressures  of  the  water 
jet  or  jets. 

Lei  M,  represent  the  bending  moment  thus  produced.    Put  M=iT, 
The  usual  theory  states  that  the  diameter  of  the  shaR  in  inches  is  : 


cyj-  '.n-k-j»-fi 


where  Unwin  {Theory  of 
values  for  C. 

Machine  Design, 'joX.  j)  gives  the  following  table  of 

Material. 

C. 

Cast  iron    . 
Wrou^t  iron 
Mild  steel  . 
Medinm  steel 
Steel  castings 

4-32 

3-50 

3"8 

.    2'99 

3-58 

The  figure  given  for  s 
improved  of  late.      On 

eel  castings  is  probably  high,  as  cast  steel  has  greatly 
the  other    hand,  so    far  as  I  understand  a  matter 
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which  is  still  Ihe  subject  of  dispute,  the  theory  which  produces  the  factor 

**'i+ Vi*'+i,  is  now  held  to  be  erroneous  and  the  factor  should  be  altered 

to    '  *'!+*". 

In  large  turbines  (especially  where  ft,  the  width  of  the  clearance  space,  :s 
small)  it  appears  advisable  to  investigate  the  deflection  of  the  shaft  under  the 
bending  moment  M,  and  to  ascertain  if  any  rubbing  is  liicely  to  occur. 

Vanes  and  Crtnuiu. — The  advantages  of  thin  wheel  vanes  are  obvious. 
The  thinnest  vanes  are  obtained  by  using  steel  plates,  and  are  ^ths,  to  J  ac 
inch  in  thickness.  Their  strength  only  needs  to  be  considered  when  the 
turbine  wheel  is  both  large  and  wide.  Each  vane  transmits  a  moment  equal 
to  63,000  —  inch-tbs.  to  the  upper  crown.  If  this  is  assumed  to  be  produced 
by  a  pressure  which  is  equally  distributed  over  the  whole  of  the  projected  area 
of  the  vane,  and  if  the  vane  is  then  considered  as  a  cantilever  supporting  this 
uniform  pressure,  the  calculated  stress  is  plainly  somewhat  in  excess  of  the 
truth. 

The  vanes,  however,  should  not  be  too  thin,  as  erosion  by  sand  and 
corrosion  by  entrained  gases  are  likely  to  occur.  Plate  vanes  are  usually 
pressed  into  expanding  grooves  in  the  crowns  by  hydraulic  pressure.  In  small, 
cheap  turbines  they  are  sometimes  fixed  in  the  moulds,  and  the  crowns  are 
cast  round  them.  The  plates  should  extei]d  at  least  half  an  inch,  and  better 
still  three-quarters  of  an  inch,  into  the  metal  of  the  crowns. 

In  Types  I.  to  V.,  however,  the  form  of  the  vanes  is  so  complex  that  a 
steel  plate  cannot  be  shaped  so  as  to  make  a  satisfactory  vane.  In  these 
cases,  the  whole  wheel  (crown  and  vanes  together)  is  usually  cast  in  one  piece. 
The  minimum  thickness  varies  from  a  half  to  three-quarters  of  an  inch  in  the 
lower  portions  of  the  vanes,  to  three-quarters  to  an  inch  in  the  upper  portions. 
The  material  is  usually  cast  iron,  but  steel  and  bronie  are  growing  more 
common,  especially  in  cases  where  high  heads  are  met  with. 

The  wheel  cronns  are  usually  cast  of  iron,  steel,  or  bronice,  and  are  from 
I  to  2^  inches  in  thickness,  according  to  the  size  and  speed  of  Che  turbine. 
Certain  recent  accidents  suggest  that  it  would  be  advisable  to  invc^igate 
whether  the  wheel  can  resist  the  stresses  produced  if  (owing  to  the  failure  (rf 
the  regulating  apparatus)  the  wheel  "runs  away,"  and  attains  a  speed  which  is 
approximately  equal  to  twice  that  for  which  it  is  designed  (see  p.  943).  A 
large  factor  of  safety  is  of  course  unnecessary  when  provision  is  made  against 
such  abnormal  occurrences. 

The  whole  wheel  must  be  firmly  fixed  to  the  shaft.  Pfarr  (see  Hutte, 
vol.  2,  p.  35)  states  that  L=o'6-^^  inches  approximately,  where  L,  is  the 
length  of  the  key  boss. 

The  guide  crowns  and  vanes  need  less  careful  consideration.  If  the  vanes 
are  fixed,  steel  plates  will  suffice.  If  the  vanes  are  movable  for  purposes  of 
regulation,  they  are  usually  made  of  cast  iron.  Where  bronie  ii  specified, 
bronze  bushes  and  turning  pins  must  also  be  provided. 

Clearance  ..T/atrir.— The  space  between  the  wheel  and  its  housing  laigely 
influences  the  loss  due  to  leakage  (see  p.  905).  The  exact  value  depends 
entirely  upon  the  accuracy  of  the  construction. 

We  may  assume  that  fj=  ,^iths  of  an  inch  in  small,  and  ^ths  of  an  inch  in 
large  turbines. 
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Bearings. — The  design  of  turbine  bearings  is  not  a  difficult  matter  once  the 
magnitude  of  the  forces  involved  has  been  lealised. 

In  small  turbines,  the  end  pressure  produced  by  the  combined  weight  of  the 
wheel  and  shaft  and  the  water  pressures,  is  usually  carried  on  a  submerged 
footstep  bearing.  Lubrication  is  then  difficult,  but  if  the  bearing  is  bushed 
with  lignum  viire  the  water  provides  all  requisite  lubrication.  Typical  drawings 
are  given  in  Unwin's  Machine  Dtsign.  In  somewhat  larger  turbines  the 
bearing  is  enclosed,  and  is  lubricated  by  oil  delivered  under  pressure.  This 
method  appears  to  be  less  satisfactory  than  that  employed  in  many  modem 
turbines,  where,  as  already  stated,  the  whole  of  the  end  thrust  is  taken  up  by 
oil  or  water  pressure  on  the  under  surface  of  a  balancing  piston.  The  under 
surface  of  the  piston  and  the  upper  surface  of  the  bottom  of  the  cylinder  in 
which  it  worlis  should  be  provided  with  grooves  shaped  in  plan  somewhat  like 


the  vanes  of  a  centrifugal  pump.  The  object  of  such  grooves  is  to  encourage 
a  rapid  flow  of  oil,  or  water,  underneath  the  piston.  Details  are  given  by 
Unwin  {ut  supra),  and  also  by  Van  Cleeve  {Trans.  Am.  Sec.o/CE.,  voL  62, 
p.  >99)-  The  inflowing  oil  should  be  cooled  by  passing  it  through  small,  thin 
walled  pipes,  which  are  exposed  to  a  stream  of  water. 

Methods  OF  Regulation.— 'X^'^  methods  of  regulating  the  horse-power 
and  the  speed  of  a  turbine  are  very  various.  Gelpke  enumerates  seven,  and 
more  could  be  collected. 

The  followittg  classification  may  be  adopted  : 
(ft)  RegulatioD  by  moving  the  guide  vanes. 
{.b)  Regulation  by  obstructing  the  entry  into,  1 
if)  Regulation  by  valves,  or  sluice  gates  ii 
pressure  mains. 


it  from,  the  guide  vanes. 
1  the  approach  channels,  or 
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Under  (o)  we  need  merely  consider  the  rAethod  of  Fink,  where  the  vancf 
are  rotated  round  fixed  axes.  The  variants  where  the  ends  of  the  vanes  ui 
shifted  sideways,  or  where  a  portion  only  of  the  vane  moves,  are  equally 
expensive  in  construciion,  and  produce  shock  losses  of  the  character  alreadj 
discussed. 

The  only  objection  to  the  method  is  its  cost. 

The  calculation  of  the  power  requisite  to  move  the  vanes  can  be  theoretically 
effected  by  investigating  the  pressures  on  either  side  of  a  guide   vane,  and 


fuM  Open  hUxa 

Sketch  Na  260.— Rcgulaiion  by  Movable  Guide  Vanes  of  a  Turbine 
near  to  Type  I. 

These  sketches  show  the  dilBcuIties  introduced  by  any  departure  beyond  the  limiu  of 
Gclpke's  types,  when  the  turbines  are  regulated.     The  undtilying  assumption  is  that  vii 
remains  constant  and  coual  10  u>^,  however  much  the  vanes  be  moved.      Even  undn  this 
favourable  assumption  tile  shock  losses  in  No,  35Q  are  very  great. 
If  in  addition  the  value  of  w,  is  corrected  for : 

(b)  Decrease  in  w,  owing  (o  greater  friction  in  the  guide  vanes ; 

{b\  Shock  loss  on  quitting  the  guide  vanes  ; 

(f)  Loss  caused  by  decreased  hydraulic  efficiency,  owing  to  shock  losses  at  eoity 

it  is  obvioQS  that  iv,  will  decrease  rapidly  as  the  guide  vanes  close  up  and  the  shoe'' 
losses  will  become  still  latter. 

taking  the  moments  of  the  unbalanced  pressures  round  the  fixed  axis.  As  a 
matter  of  practice,  however,  the  friction  of  the  various  bearings  in  the  link  nwl: 
connecting  the  piston  of  the  regulating  apparatus  with  the  vanes  influences  the 
result  to  such  an  extent  that  it  is  advisable  to  assurnc  that  the  full  pressure 
caused  by  the  head  H,  acts  on  one  side  of  the  vanes  only,  and  to  proportion 
the  links  and  regulating  apparatus  for  the  forces  thus  produced.    A  certain 
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excess  of  power  is  thus  obtained,  which  will  be  useful  if  the  lubrication  of  the 
pins  or  link  bearings  becomes  defective. 

{b)  Until  lately  the  standard  American  method  of  regulation  was  a 
cylinder  gate  working  between  the  wheel  and  guide  crowns.  The  loss  of 
efficiency  caused  by  the  sudden  expansion  of  the  water  stream  as  it  issues 
from  beneath  the  gate  is  obvious.  In  some  cases,  partial  crowns  were  fixed 
between  the  vanes,  and  the  loss  was  ibus  materially  reduced  (see  Sketch 
No.  250).  The  method  is  cheap,  and  the  gate  requires  little  power  to  move  it. 
It  may  therefore  be  adopted  in  cases  where  the  first  cost  most  be  kept  low. 

(c)  These  methods  practically  amount  to  reducing  the  effective  head.  It  is 
doubtful  whether  Ihcy  are  ever  advisable. 

The  Fall  iNTeNSiFiEK.—T'ac  fall  intensifier,  like  the  Venturi  meter,  is 
ax\  application  of  the  principle  of  the  diverging  tube,  and  is  due  to  Clemens 
Herschell.  The  circumstances  favouring  its  practical  application  are  best  illus- 
trated by  a  description  of  the  proposed  installation  at  Is.  Plaine,  near  Geneva. 
This  power  station  is  worked  under  a  low  head.  At  low  water  seasons  {approxim- 
ately ioo  days  pet  year)  a  head  of  43  feet  is  available,  and  al!  the  water  is 
passed  through  the  turbines.  For  the  remaining  265  days  the  flow  of  the  river 
exceeds  the  quantity  that  can  be  economically  employed  for  power  development, 
and  owing  to  a  rise  in  the  tail  water  level,  the  available  head  diminishes,  and 
in  high  flood  is  only  26  feet.  It  vrill  consequently  be  plain  that  the  turbines 
which  suffice  to  utilise  the  low  water  flow,  and  under  such  circumstances  develop 

26* 
N,  horse-power,  will  in  flood  time  only  produce  — r  N=o'48  N,  approximately. 

llius,  under  ordinary  conditions,  some  device  such  as  cone,  or  double 
turbines,  would  be  required  ;  and  even  so  the  questions  relating  to  the  speed  of 
the  turbines  would  need  somewhat  careful  consideration. 

Sketch  No.  261  (Fig.  2)  shows  Herschell's  proposal  diagrammatically. 
During  low-water  periods  the  water  passes  througii  the  turbines  by  the  channels 
ABCD.  The  circular  gate  at  D,  is  closed  during  floods,  and  the  water  entering 
the  turbines  travels  by  the  route  ABCPG.  At  the  same  time  the  gate  Q,  is 
opened,  and  the  whole,  or  a  portion  of  the  excess  of  water  now  available,  passes 
through  the  fall  intensifier  RQPG. 

The  theory  of  tlie  process  is  as  follows : 

Let  H,  be  the  visible  head,  i.e.  the  diflerence  between  the  upstream  and 
downstream  flood  water  levels. 

Let  us  assume  that  a  vacuum  of  h,  feet  of  water  exists  at/. 

Then,  the  turbine  works  under  an  effective  head  equal  to  H  +A,  and  when 
the  form  of  the  passages  and  the  design  of  the  turbine  are  known,  we  can 
calculate  Qj,  the  quantity  of  water  used  by  the  turbine. 

So  also,  the  passage  RP,  works  under  a  head  H-fA,  and  discharges  a 
quantity  of  water  Qj,  say.  The  diverging  passage  PC,  discharges  a  quantity  of 
water  equal  to  Q,  -i-  Qt  Thus,  the  velocities  at  P,  and  G,  say  t',,,  and  v^  can  be 
calculated  when  the  dirnensions  of  the  intensifier  are  known. 

Then,  theoretically,  we  have : 

^-A=^'-(--(s,         oi,Ai-itk=''^^^'^'', 
2g  2^        "  2g 

where  A|  is  the  depth  of  the  C' 

Practically,  Aj+A,  is  say  o 
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At  La  Plaine  it  would  be  advisable  to  make  k,  equal  to  about  43—26=1; 
feet,  and  probably  if  we  assume  that  at  low  water  the  turbines  are  run  so  as  to 
develop  o'8q  of  (he  maximum  possible  power  (this  being  the  point  where  ibc 
g^reatest  efficiency  is  secured),  and  in  floods  so  as  to  develop  the  maxinmni 
possible  power  under  the  smaller  head,  Che  effective  head  during  floods  migb; 
be  reduced  to  x  feet,  where  jir*=0'8ox43*,  or.t=37  feet  say.  Thus,  efficicni 
working  with  well  designed  turbines  might  be  secured  if  A,  was  only  10,  or  11 
feel,  although  it  will  be  evident  that  if  turbines  of  Types  I.  or  II.  are  used,  the 
speed  must  also  be  investigated. 


©  |l    t — ■— 1   M  ®    . 


Sketch  No.  161. 


(i)  Low  Head  Turbine  Installation  at  Berrien  Springs  (after  Enginaring  liictrd\. 

(2)  Herschell's  proposal  for  Fall  IntensiRer  Insta.llHllDn. 

(3)  Wheel  Vanes  of  Francis  Turbine  [n)  and  Free  Deviation  Turbine  (A). 

If  Sketch  No.  261  were  a  scale  drawing,  it  is  plain  that  G,  should  be  at,  or 
close  10,  tail  water  level  so  as  to  keep  A,,  small.  The  necessary  data  regarding 
the  efficiency  of  diverging  tubes  of  the  size  now  contemplated,  are  not  available. 
Experience  with  draft  tubes  of  turbines  suggests  that  11^  should  not  exceed 
2"5  to  3  times  v^,  and,  consequently,  if  Aj4-A=i5  say,  wc  get: 


^g 


(27'- 1)  X 


>7o= 


■'0=  '3 


feel  per  second. 
larger  than  those  which  arc 


Thus,  the  velocities  contemplated  i 
frequently  employed  in  turbine  work. 

Herschell  {The  Fall  Iniensifitr)  has  published  the  resuks  of  certain  tests  of 
the  principle,  which  prove  that  it  works  satisfactorily  in  practice.    The  details 
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of  the  channels  near  P,  are  far  more  important  than  any  tests,  and  I  find  it 
hard  to  believe  that  the  experimental  arrangements  give  any  indication  of  the 
methods  which  are  employed  in  practice.  Further  details  of  practical  installa- 
tions must  be  secured  before  a  really  intelligent  design  can  be  made.  It  will, 
however,  be  obvious  that  when  the  real  efficiency  of  the  arrangement  can  be 
approximately  predicted,  the  method  will  be  largely  adopted.  At  present,  in 
considering  its  application  to  any  given  case,  we  are  quite  unaware  as  to 
whether  we  shall  have  sufficient  surplus  water  to  produce  the  required  vacuum 
at  P.  A  certain  amount  of  safety  can  be  secured  if  the  turbines  are  designed 
to  work  most  efficiently  at  a  low  fraction  of  their  full  load  (say  070  full  load). 
Whether  these  conditions  can  be  secured  in  any  given  case  depends  upon  local 
conditions,  and  full  records  of  the  variatioas  in  bead,  and  of  the  quantity  of 
water  available,  are  required. 

The  fall  intensitier  is  a  cheap  solution,  and  really  amounts  to  a  substitution 
of  the  two  large  gates  at  D,  and  Q  (see  Sketch  No.  261),  for  a  certain  number 
of  turbines.  The  intensifier  itself  is  a  hole  in  the  foundations  of  the  power 
house,  and  is  therefore  not  a  very  expensive  piece  of  work. 

Pelton  AND  Spoon  Wheels.— The  Pclton  type  of  turbine  may  be  regarded 
as  a  turbine  in  which  the  guide  vanes  are  replaced  by  one  or  more  (not  usually 
more  than  three)  jets  which  are  circular  or  rectangular  in  section.  The  water 
issuing  from  these  jets  impinges  upon  a  series  of  moving  buckets  which  are 
analogous  to  the  wheel  vanes  and  wheel  passages  of  the  ordinary  Francis  turbine. 

In  typical  Pelton  wheels  the  water  does  not  pass  through  the  wheel,  but 
escapes  on  either  side  of  the  buckets  at  approximately  the  same  distance  from 
the  axis  of  the  wheel  as  it  entered  the  buckets.  In  the  Lotfel  wheel,  or  turbine 
with  free  deviation,  the  water  passes  through  the  wheel  and  escapes  axially  in  ■ 
the  same  manner  as  in  a  Francis  turbine,  Pelton  and  Loffel  wheels  arc  more 
easily  constructed  than  Francis  turbines,  as  the  open  buckets  can  be  cast  and 
machined  separately,  and  can  afterwards  be  bolted  to  the  wheel  rim.  The 
regulating  mechanism  is  cheaper,  as  at  most  three  orifices  have  to  be  dealt 
with.  As  a  general  rule,  the  size  of  the  jet  is  altered  either  by  a  slide,  or  better 
still  by  a  central  spear  (sec  Sketch  No.  262).  In  some  cases  regulation  is 
effected  by  turning  the  jet  slightly  away  from  the  wheel,  so  that  only  a  part  of 
the  jet  strikes  the  buckets,  and  the  remaining  portion  is  discharged  into  the  tail 
race  without  doing  work.  Water  is  consequently  wasted,  but  if  the  supply 
main  is  long  it  is  frequently  inadvisable  to  shut  off  the  water  suddenly 
(see  p.  808). 

The  values  of  C,  which  indicate  that  Pelton  or  Loffel  wheels  are  desirable 
are  given  on  page  SSS.  The  efficiency  of  these  wheels  is  slightly  less  than  Uiat 
of  a  Francis  turbine.  Consequently,  even  in  California  (the  original  home  of 
the  Pelton  wheel)  a  Francis  turbine  is  now  frequently  employed  where  fi\-e  or 
ten  years  ago  a  Pelton  wheel  would  have  been  installed. 

The  symbols  employed  in  the  calculations  of  Pelton  and  Spoon  wheels  are 
similar  to  those  used  for  turbines,  but  are  detailed  in  order  to  prevent  obscurity. 
b,  is  the  axial  breath  of  the  bucket,  in  feet. 
d,  is  ihe  diameter  of  the  jet  orifice,  in  feet. 

d,_  is  the  diunctcr  of  the  jet  ai  its  vena,  contracta,  or  section  of  minimum  area. 
D,  ii  the  diameter  of  the  wheeJ,  in  feet,  measured  to  the  tip  of  the  buckets, 
17,  represents  the  total  energy  of  (he  jet. 

t,  is  the  energy  of  a  small  portion  of  Ihe  jet  at  a  distance  r,  from  the  axis  of  the  jet  in  the 
cross-section  al  the  vena  contracta. 
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h,  is  the  radial  lieighl  of  (he  bncketE. 

n,  is  the  pressure  in  the  supply  main,  in  feet  of  water  (see  p.  882).  Praclically  11.= 
head  ulilised  by  the  wheel. 

Q,  is  the  quantity  of  water  passed  by  the  jet,  in  cusecs. 

I.,,  is  used  for  the  efficiency  of  the  noule,  etc.  (see  p.  93s)- 

Wf,  is  the  velocity  of  the  bucket  at  the  point  where  Ihc  jet  strikei  iL 

V,  is  the  I'etocily  of  the  water  relative  to  the  bucket,  in  feet  per  second  ;  Vj  is  tued  \> 
denote  the  relative  velocity  just  after  complete  entry,  and  therefore  Vt=-v..  lew  im- 
pact losses. 

vij,  is  the  velocity  of  the  jet  at  the  vena,  conltada,  in  feet  per  second. 

Wg  a  lu,  =  ID/,  approximately,  is  the  velocity  with  which  the  jet  arrives  at  the  budtet. 

3,,  is  the  angle  between  u,  and  ic,  or  niy. 

(,  is  the  hydraulic,  and  77,  the  mechanical  efficiency  of  the  wheel. 

8,  is  the  impact  ancle  ;  theoretically,  9,  is  a  space  angle,  but  Finkle  uses  0  for  the  impocl 
angle  measured  in  a  plane  perpendicular  to  the  axis  of  the  wheel. 

ip,  is  the  foam  and  friction  loss  angle  ;  as  a  definition  we  may  put  -l=cos^.  [Seep.  935.) 

Size  of  the  Jet. — Let  H,  be  the  pressure  in  the  supply  main,  as  measured  at 
a  point  close  to  the  wheel,  where  the  velocity  is  small  in  comparison  with 
•</2gH,  say  not  over  0-05,  to  o'l  V2JR  ;  so  that  H,  is  approximately  eqoal  to 
the  geometrical  head  from  the  water  level  in  the  forebay  to  the  jet  orifice  as 
corrected  for  the  friction  losses  in  the  supply  main.  The  velocity  of  the  water 
in  the  jet  is  equal  to  - 

Wi^o-gj  too-98V2,g-H. 

The  velocity  of  the  bucket  should  be  about  one-half  this,  say : 
«,=o-4Sloo-so\'^H. 

Thus,  D(,  the  diameter  of  the  wheel  at  the  point  where  the  jet  strikes  the 
bucket,  is  given  by 

1TP,fl_ 

60  ""*'=■ 

If  the  value  of  »>,  when  the  efficiency  is  greatest  is  experimentally  investi- 
gated, it  wilt  generally  be  found   that  -/-'r;  varies  from  0^40  to  o-48.    TTie 

higher  values  occur  in  the  more  efficient  wheels  in  which  the  design  of  the 
buckets  when  tested  according  to  Finkle's  rules,  is  good.  The  lower  x'alues 
usually  occur  in  less  efficient  machines  where  Finkle's  process  indicates  that  the 
buckets  are  badly  designed.  The  rule  is  not  without  exceptions,  but  it  will 
frequently  permit  the  best  speed  of  the  wheel  to  be  selected.  So  far  as  theory 
can  be  applied  to  the  question,  this  experimental  fact  seems  to  indicate  not  so 
much  that  the  buckets  are  badly  designed,  as  that  bad  designers  crowd  the 
buckets  too  closely  together. 

The  size  of  the  jet  orilice  is  best  determined  as  follows : 

Let  H+A/be  the  total  static  head  from  top  water  level  to  the  nonle,  so 
that  A/  represents  the  head  lost  in  the  supply  main  when  Q  cusecs 
are  passing. 

Lei  /be  the  length  and  D'  the  diameter  of  the  supply  noain,  and  x'=C\'r* 
its  skin  friction  equation. 


Then, 


'    ./^^(-'^V-t-!- 
V   c>D'\DV  ^  e,* 
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where  c,  is  the  coe6Scient  of  velocity  for  the  noz2le.     The  energy  of  the  jet  is  ; 
^     ..j'^e  w/_.r62-5(3ff,>D'V*(H+Ml' 


a  maxiimim  when 


This  gives  •ws=a-%H>Ct-!ig\n-^hf). 

This  solution  is  that  appropriate  when  the  cost  of  the  supply  main  is  a  large 
fraction  of  the  total  cost  of  the  installation. 

Gelpke,  apparently  considering  only  the  efficiency  of  the  wheel,  gives  a 
formula  which  is  approxi  irately, 

'^ 

The  horse-power  of  the  whefili  if  >r=o'So,  is  given  by  ^—^  and  if  i^  be  the 
diameter  of  the  jet  at  its  minimum  section, 


Values  of  the  ratio  (  ^  1   are  given  on  page  937. 


We  can  thus  determine  whether  one,  or  two,  or  more  noizles  are  required  in 
order  to  supply  the  requisite  volume  of  water  ;  and  D^  and  n,  should  then  be 
adjusted  in  order  to  as  far  as  possible  conform  to  the  two  relations  given  above. 

Square  or  rectangular  nozzles  are  not  common,  but  their  area  is  made  equal 

to  ^^,  where  al.  is  obtained  as  above.  ' 

4 

The  jet  noizle  should  be  so  directed  that  the  directions  of  wj  and  uj,  the 
velocity  of  the  wheel  at  the  point  where  the  centre  of  the  jet  meets  the  bucket 
tip  circle  make  an  angle  of  about  30  degrees. 

If  regulation  is  effected  by  deflecting  the  nozzle  away  from  the  wheel  this 
should  be  allowed  for  by  somewhat  increasing  thrs  angle.  Gelpke  gives  a  table 
showing  that  this  angle  Sg  is  least  in  large  wheels,  and  increases  to  about  40 
degrees  in  small  wheels,  regulated  by  deflecting  the  nozzle.  His  figures  appear 
to  represent  German  practice  well,  but  American  designers  usually  use  smaller 
values  of  9i, 

(i)  PELtOH  WHSELs.—V.tK  h  be  the  height  of  the  buckets  measured 
radi^ly,  and  b  their  breadth  measured  axially,  then : 

Gelpke  states  that  approximately  ^  =  [7</>  *=3'3(i',  where  1/,  is  the  diameter 
of  the  jet. 

His  nile  gives: 

The  area  of  contracted  section  of  jet  .         , 

Projected  .area  of  bucket '°''^  approximately. 

Le  Conte  slates  that  the  best  efficiency  in  elevea  Califomian  machine) 
occurred  when  this  ratio  was  0*0979. 

The  maximum  value  of  the  ratio  was  o't4i7. 
The  minimum  value  of  the  ratio  was  o'Pt!6i. 
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So  a)so,  in  the  above  eleven  installations,  the  ratio, 
d    Diameter  of  jet  ,  ,  ,     ,  .    .  „ 

rWidihofbiicke?  ""S""  '""  °'S3  ">  »-346,  Ihc  .v=r.ge  be.ns  oj8=. 

The  number  of  buckets  depends  on  the  ratio  vX  djox  d  to  Df,  and  on  ibc 
angle  dj.  It  is  best  determined  by  drawing  the  jet  and  the  bucket  circle,  and 
spacing  the  buckets  so  that  the  outer  edge  of  the  jet  is  neither  obstructed  by 
the  tip  of  the  bucket  behind  that  on  which  it  impinges,  nor  does  the  innct 
edge  impinge  so  deeply  into  the  bucket  as  to  produce  too  short  or  too  rapidlr 
curved  a  path  across  the  bucket.  In  general  this  produces  a  bucket  with  a  lip 
somewhat  recessed  so  as  to  prevent  obstruction,  and  yet  enables  a  close  spacing 
of  the  buckets  to  be  secured. 

Gelpke  gives  a  table  of  «]  in  terms  of  Dg  ranging  from  s^=  16,  wfaen  Dj  is 
12  inches  or  less,  up  to  *%=Z^  when  Dj  exceeds  60  inches. 

On  (rial  1  found  that  its  value  is  largely  dependent  on  Gelpke's  ratio  for  |^- 
being  adhered  to.  Since  1  believe  this  ratio  to  be  only  adapted  to  favoarabk 
developments  ((>.  where  the  ratio  v^\  .  is  small,  see  p.  929),  it  is  always  neces- 
sary to  check  results  either  by  a  drawing  as  above,  or  by  Tinkle's  more  elaboraie 
method.    When  Gelpke's  ratio  is  adhered  to  the  spacing  produces  very  exceUeni 

designs,  but  when  applied  to  such  ratios  of  ?,  as  occurin  LeConte's  exam[des,a 
wider  spacing  is  desirable. 

The  breadth  of  the  housing  of  the  wheel  should  be  approximately  equal  to 
3^,  or  lorf. 

The  entry  diagram  can  now  be  drawn,  and  this  should  be  investigated 
for  say  three  elements  of  the  jet  and  three  positions  of  the  bucket  as  it  mo\-es 
over  the  selected  spacing  (see  Sketch  No.  =£3).  Also,  though  in  preliminar;' 
calculations  it  may  be  negleaed,  we  should  finally  determine  the  impact  angles 
as  space  angles,  i.e.  take  into  account  the  axial  deviation  of  the  jet  as  it  is  split 
by  the  central  knife  edge  of  the  bucket. 

It  will  be  plain  that  there  must  be  a  slight  residual  velocity  v^  sin  A4  at 

exit,  producing  an  exit  loss  trf  head  represented  by  h^,——- — *.      Usually 

A4=oo5H. 

As  a  rule,  however,  the  detailed  geometrical  construction  given  by  Finkle 
should  be  adopted. 

(11)  "LdFPBL,"  OR  Spoon  IVhekls.—Ih  this  type  the  form  of  the  bucket 
resembles  a  spoon,  and  the  water  escapes  axially. 

The  LSffel  wheel  is  less  frequently  used  than  the  Pellon  wheel,  and  appears 
to  be  slightly  less  efficient,  owing  to  the  fact  that  the  escaping  water  is  liable 
to  drop  back  on  to  the  rim  of  the  wheel. 

Gelpke  gives  the  following : 

b=yi       h=\"i^d.  approx. 

and  the  distance  between  the  entry  points  on  two  consecutive  buckets  is 
given  by ; 

^=04oioo-4S  -.„.. 
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I  that  the  number  of  buckets 


»D( 


and  is  roughly  twice  that  of  a  Pelton 


wheel  of  the  same  diameter  ;  see,  however,  page  930. 

The  conditions  for  shockless  entry  and  radial  exit  are  theoretically  somewhat 
more  easily  satisfied  in  a  LSffel  wheel  than  in  a  Pelton  wheel,  and  this 
theoretical  advantage  appears  to  account  for  its  adoption  in  Germany. 

It  is  at  present  impossible  to  state  whether  the  LSIfel  wheel  really  deser^'es 
Adoption  when  the  value  of  C,  is  such  as  to  permit  a  Pelton  wheel  to  be  buih. 
At  present,  in  the  form  of  the  inside  feed  turbine  with  free  deviation  (see 
Sketch  No.  a6i)  it  fills  up  the  gap  between  C  =  52,  which  corresponds  to  the 


SkBTCH  No.  263. — L5ffel  Wheel  of  2  feet  diameter,  proportioned  by  Gelpke's  rules, 
with  ai-inch  jet  regulated  by  central  spear  proportioned  according  to  the  Doble 
Co.'s  standard. 


Pelton  wheel  of  the  largest  capacity,  and  C»6i,  which  corresponds  to  a 
Francis  turbine  of  very  small  capacity.  So  far  as  can  be  judged,  even  this 
limited  sphere  of  utility  is  being  rapidly  encroached  upon  as  designers 
acquire  experience. 

The  circumstances  of  any  given  wheel  can  be  investigated  by  Finkle's 
constiuction. 

DttaiUd  Designs  of  Pelton  tVieeis. — The  formulae  and  figures  detailed 
above  were  the  ordy  information  that  I  possessed  in  the  period  during  which  I 
enjoyed  opportunities  for  testing  Pelton  wheels  (I  have  never  had  personal 
expeiicnce  of  a  Spoon  wheel).    I  then  came  to  the  conclusion  that  the  efGciencies 
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usually  stated  were  probably  but  rarely  attained,  but  my  experience  briaj 
solely  concerned  with  small  wheels,  1  did  not  feel  justified  in  making  ut 
definite  statement.  The  following  investigation  of  Finkle's,  in  my  o^Hnkc 
forms  the  first  real  step  towards  a  logical  design  of  Pctton  wheels  of  \or^ 
efficiency.  When  the  methods  are  applied  to  drawings  nf  existing  wheels  tbc 
hydraulic  efficiency  obtained  is  usually  i  to  3  per  cent,  lower  than  ihii 
calculated  from  actual  observations.  The  results,  however,  convince  me  tha; 
efficiencies  of  o'8o  are  far  less  commonly  attained  than  is  generally  slated  id 


be  the  case,  and  that  the  difference  bettveen  the  efficiencies  of  a  well  designed 
Pelton  wheel  and  a  stock  piece  of  machinery  is  probably  considerably  greater 
than  that  which  exists  in  Francis  turbines  constructed  by  reputable  firms.  Ii 
will  also  be  plain  that  a  highly  efficient  Pelton  wheel  can  only  be  obtained 
with  certainty  by  utilising  the  results  of  similar  experiments. 

So  far  as  I  can  judge,  Mr.  Eckart's  experimental  methods  should  be 
followed,  but  his  mathematical  investigations  are  less  powerful  than  those 
undertaken  by  Mr.  Finkle. 


D,=;,lz...,'C00g[c 


kPFlClkNCY  OP  PELTOtfS  93$ 

It  is  not  proposed  to  discuss  the  mechanical  design  of  a  Pelton  or  Spoon  wheel. 
The  constructionalfonnof  (he  wheel,  unlike  that  of  the  usual  (t.«.  Types  I.  to  IV.) 
Francis  turbine,  is  admirably  adapted  for  securing  rigidity  and  strength  with  but 
little  trouble.  The  small  siie  Pelton  wheel  is  manufactured  in  considerable 
numbers  by  firms  who  are  specialists,  and,  although  I  have  frequently  found  reason 
to  criticise  the  hydraulic  design,  the  mechanical  proportions  are  always  good. 
Even  when  the  strength  is  excessive,  the  fly-wheel  effect  produced  by  a  heavy 
rim  is  always  beneficial.  Larger  and  specially  constructed  Pelton  wheels  are 
usually  built  on  the  tension  spoke  (bicycle  wheel)  principle,  and  no  case  of 
trouble  arising  from  insufficient  strength,  or,  what  is  probably  equally  important, 
insufHcienc  rigidity,  has  been  recorded. 

INVBSTIGATIOK   OP    THE   EFPKIBUCV  OF    A     P&LTON    WHEEL.  — TYit 

general  methods  of  investigating  the  influence  of  the  forms  and  sizes  of  the 
buckets  and  the  jet  upon  the  efficiency  of  a  Pelton  wheel,  and  other  types  of 
impulse  turbines,  are  precisely  the  same  as  those  used  in  similar  worlc  concerning 
Francis  turbines.  A  very  elegant  geometrical  method  has  been  given  by  Finkle 
{Engineering News,  December  24,  1908).  This  is  a  development  of  the  method 
which  is  usually  adopted  in  German  Technical  Colleges.  In  some  respects  the 
theory  is  <^n  to  objection,  and  the  experimental  data  required  for  a  full  discussion 
are  most  defective.  Nevertheless,  the  results  of  the  methodgive  a  very  clear  insight 
into  the  various  ways  in  which  efficiency  is  lost,  and  there  is  no  doubt  that  a 
bucket  form  which  gives  satisfectory  results  when  examined  by  Finkle's  process 
will  prove  to  be  highly  efficient.  I  therefore  give  an  explanation  of  the  method, 
and  shall  criticise  certain  of  the  assumptions  made  by  Finkle,  not  because  1 
discredit  them  (for  I  realise  the  defects  of  our  present  knowledge,  and  am 
aware  that  Mr.  Finkle  had  more  precise  data  upon  Pelton  wheels  of  the  siie 
considered  than  any  which  are  generally  accessible],  but  as  an  indication  of  the 
lines  upon  which  experimental  research  should  proceed. 

Let  AB  (sec  Sketch  No.  363),  represent  the  velocity  due  to  the  total  head 
available  at  the  noEzle  of  the  wheel,  i.e.  the  total  geometrical  head  from  the 
forebay  to  the  nonie  lees  all  losses  by  pipe  friction,  bends,  etc. 

On  AB,  describe  a  semicircle,  and  set  oflT  BC,  where  xra=*«  fraction  of 
the  head  lost  in  the  nonle=o-o6,  according  to  Finkle.  Then  AC,  represents 
the  velocity  of  the  issuing  jet,  and  AC=0'97*'2^H  approximately.  More 
accurately : 

AC'__ Energy  of  jet 

AB*    Discharge  X  Nett  available  head' 

and  Eckart  {fnst.  ef  Mech.  Mng.,  1910)  finds  experiintntally  that : 


in  inches =  4H  sfj  6il  64i 

Ratio  ^ -0-9S8        0-968        0-982       0-986 

so  that  Finkle's  vahie  which  refers  to  a  large  and  very  well  designed  noole 
running  full  bore,  is  probably  slightly  low. 

Now,  along  AB  set  off  AK  equal  to  the  velocity  of  the  bucket,  and  draw 
AD=AC  in  a  direction  making  the  same  angle  with  AK,  as  the  velocity  of  the 
bucket  makes  with  the  velocity  of  the  jet  (angle  DAK=8,).    Since  the  cross- 
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section  of  the  jet  bears  a  finite  ratio  to  the  siie  of  the  bucket,  in  a  detailed  stKh 
of  a  large  wheel  it  will  be  necessary  to  select  a  certain  number  (three  in  Finlde> 
example)  of  points,  or  more  acurately  representative  elements  of  the  jet,  and  ::i 
obtain  the  angle  DAK,  and  construct  a  separate  diagram  for  each  of  tbest 
elementary  jets.  This  is,  of  course,  best  done  by  drawing  the  jet  and  budcet  ic' 
a  convenient  site,  and  where  the  necessary  data  exist,  the  variation  in  AD,  <x 
AC,  that  occurs  over  the  cross-section  of  the  jet,  as  well  as  the  easily  calcolaicti 
variation  in  AK,  might  be  taken  into  account.  As  a  general  rale,  however,  AD. 
is  taken  as  constant. 

Thus  KD,  represents  the  velocity  of  the  jet  relative  to  the  bucket.  No», 
the  bucket  cannot  be  so  correctly  designed  that  the  direction  of  its  surface  a: 
the  point  of  impact  of  the  elementary  jet  will  accurately  coincide  with  KD.  We 
therefore  calculate  or  measure  the  impact  angle  fl  =  DKE,  which  represents  the 
(space)  angle  between  KD,  the  ideal  direction  of  the  relative  velocity,  and  KE, 
the  path  which  the  water  actually  follows  on  the  bucket.  This  evidently 
requires  certain  assumptions  to  be  made  regarding  the  manner  in  which  the 
water  leaves  the  bucket,  and  Finkle  sketches  out  (see  Sketch  No.  363)  tbiw 
paths  corresponding  to  three  positions  of  the  bucket  for  each  of  the  three 
elementary  jets.  The  assumption  made  appears  to  be  that  the  discharge  is 
uniform  over  each  element  of  the  discbarge  edge  PQR,  of  the  bucket.  This 
may  be  accepted  as  true,  and  in  view  of  the  high  velocity  of  the  water  is  probably 
more  accurate  than  the  similar  assumption  made  regarding  partial  turbines  in  a 
Francis  turbine.  Now,  describe  a  semicircle  on  KD,  cutting  KE,  in  £- 
Then  KE,  represents  v^  the  velocity  with  whJcfa  the  water  starts  to  travel  alon^ 
the  bucket,  and  in  theory  Wj— »,  cos  A 

The  question  of  loss  by  impact  at  entrance^has  already  been  discussed.  We 
have  DO  direct  evidence  upon  the  subject  in  the  case  <rf  Pelton  wheels,  and  such 
evidence  as  is  afforded  by  the  characteristic  curves  of  turbines  tends  to  shov 
that  the  theory  followed  by  Finkle  is  (for  small  values  of  6  such  as  occur  in  a 
well-designed  bucket)  erroneous,  and  overestimates  the  loss.  Nevertheless,  if 
the  drawing  shows  that  -rai  (tbe  impact  fraction  of  the  hydraulic  loss)  is  large, 

the  bucket  must  be  considered  as  badly  designed,  and  a  better  shape  must  be 
sketched  out.  It  is  hardly  necessary  to  state  that  $  must  be  calculated  by  the 
spherical  trigonometrical  methods  already  indicated. 

Next,  set  off  the  angle  EKF  =0  and  describe  a  semicircle  on  KE,  cutting  KF 
in  F.  If  4  be  properly  selected,  KF,  represents  the  relative  velocity  of  ejcit  of  the 
water  from  the  bucket  Finkle  takes  ^<=3I  degrees,  in  all  the  nine  cases,  and 
this  is  evidently  an  experimental  value.  As  a  matter  of  fact,  it  is  fairly  plain 
that  if)  largely  depends  upon  the  form  and  curvature  of  the  path  in  which  the 
water  travels  across  the  bucket.  In  a  well-designed  bucket  each  elementary  jet 
is  deflected  through  approximately  the  same  total  angle  while  cmssing  the 
bucket,  so  that  the  water  particles  which  lose  the  least  energy  from  friction 
probably  lose  more  energy  owing  to  the  sharper  curvature  of  the  path  which 
they  traverse.    Thus,  the  assumption  that  ^=a  constant,  is  a  rational  one. 

Hence  (subject  to  the  "error"  discussed  later),  KF,  represents  v^,  ihe 

relative  exit  velocity  of  the  water,  and  t-esi  represents  the  fraction  of  the 
energy  lost  by  "foam  and  friction."  Now  draw  AG,  along  AB,  to  represent  the 
velocity  of  the  bucket  at  the  point  where  the  water  (the  velocity  of  which  is 
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represented  by  KF)  leaves  the  bucket ;  and  set  off  GH  =  KF,  so  that  the  angle 
AGH,  represents  the  angle  between  the  velocity  of  the  bucket  and  the  velocity 
KF.  This  must  be  measured  from  the  drawing  of  the  bucket,  and  the  bucket 
is  usually  designed  so  that  «r— /Sf  AGH  ^  10  degrees  approximately.  Then  AH, 
represents  the  absolute  velocity  of  the  water  when  it  quits  the  bucket,  and 

V  pa,  represents  the  fraction  of  energy  lost  by  exit  velocity.  We  may  therefore 
utilise  the  result  of  this  construction  in  order  to  detennine  the  final  value  of  the 
exit  angle  AGH. 

The  overall  hydraulic  efficiency  of  the  Pelton  wheel  can  now  be  estimated. 
The  fractions  of  the  energy  available  just  before  the  nonle,  which  are  afterwards 
dissipated  without  doing  work,  are  as  follows  t 

(i)  Lost  in  the  nozile '""AB* 

(ii)  Impact  (oss  at  entry ■'*~'ar» 


(iii)  Foam  and  friction  loss 


EF* 


(iv)  Exit  velocity  loss ■''~AB» 

Thus,  the  hydraulic  efficiency  is  : 

BC»+DE*+EF'+AH*_ 
'  AB»  ~* 

The  sketch  shows  one  of  Finkle's  nine  diagrams,  but  is  not  a  representative 
diagram,  since  1  desired  to  show  the  various  losses  clearly  and  therefore 
selected  a  case  with  relatively  large  values  of  j,  and  Sr- 

Finkle  does  not  ex^dain  his  methods,  and  the  following  criticisms  may  there- 
fore be  due  to  misconceptions.  In  the  first  place,  the  impact  angle  8  is 
apparendy  obtained  as  though  the  impact  were  in  two  dimensions  only.  Since 
the  various  paths  It,  .  .  .,  On,  are  apparently  freely  sketched  out,  this  is  not 
very  important.  The  angle  obtained  may  not  refer  to  the  precise  portion  of  the 
jet  considered  by  Finkle,  but  some  stream  does  experience  the  assumed 
deviation.  Secondly,  since  v,  or  AG  is  not  equal  to  tt,  or  AK  ;  -v^  or  K£  is 
not  equal  to  1/4  or  KF  even  if  no  foam  and  friction  loss  occurs.  This  appears 
likely  to  produce  a  certain  error  for  the  real  meaning  of  Finkle's  assumption, 
4—21  degrees,  is  that  when  a  stream  of  water  enters  a  bucket  with  a  certain 
measured  (after  shock  has  occurred)  relative  entry  velocity,  the  relative  exit 
velocity  is  observed  to  be  0*933  ■*'  the  entry  velocity.  Now,  these  observations 
were  almost  certainty  taken  on  a  fixed  bucket,  so  that  the  fact  that  the  ratio  was 
obtained  by  observation  does  not  entirely  justify  the  neglect  of  the  theoretical 
alteration  of  the  relative  velocities  (see  p.  865). 

Finkle's  original  paper  is  well  worth  consultatitm,  but  as  he  does  not  state 
what  experimental  foundation  his  figures  possess,  I  do  not  quote  them. 

Eckart  (/«»/.  of  Meek.  Eng.,  1910)  has  investigated  the  matter  experi- 
mentally, by  means  of  a  special  Pilot  tube  (see  p.  72).  He  measures  the 
velocity  of  the  jet  at  several  points,  and  puts  : 

2ir/v/nir 
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where  i%,  is  the  area  of  the  jet  at  the  point  where  the  measurements  are  nkn. 
and  w,  is  the  velocity  at  a  distance  r,  from  the  centre  of  the  jet.  Where  R  is 
the  radius  of  the  jet,  the  enei^y  of  the  jet  is  : 

where  e= —  625  foot-lbs. 


Thus,  approximately  fj——-^     W  . 


Eckart  stages  that  in  his  tests  t'he  accurate  value  of  ej,  was  always  soinewbai 
less  than  that  given  by  the  approximate  formula,  the  difference  being  a^ 
follows  : 

(when  the  diameter  of  the  minimum  si 
of  the  jet  w 


... .  _  .1  wren  tnc  u  amcicr  ui  uic  niinimuin  seciion  1    .-«  ■ 1 

■  44  P«r  cent  ,  4l8  mchci 


Si!       „ 

i!4     „  „  „  „        m    „ 

o«i        „  „  „  „  6{J       „ 

We  thus  obtain  (see  p.  933)  the   accurate  values  of  the  ratio  Xu-*  already 

Then,  putting  «j=AK=the  velocil^  of  the  bucket  at  the  point  of  contaa, 
and  7']==KD=the  velocity  of  the  water  at  entrance,  relative  to  the  bucket, 
aj=angle  KAD  : 

i,j»=Wj»-f-«s'-2WjU,  COS  8j 

which  is  the  algebraic  expression  of  pinkie's  geometrical  constraction. 
Eckart  states  that  8,  =  4  degrees  41  minutes,  or  cos  .01=0-9968. 
The  power  of  the  wheel  is  obviously  : 

P=*^  «i(Wj  cos  h-u^-vt  cos  ft) 

where  S,=the  angle  AKD,  and  we  assume  ti^=u,. 

Eckart  now  measures  i',  =  KF,  or  GH,  the  velocity  of  the  water  when 
leaving  the  bucket,  and  states  thnt  the  loss  of  head  due  to  friction  and  eddies 
in  the  bucket  is  represented  by  ; 

The  underlying,  assumption  is  that  0<=o  in  a  construction  similar  to 
Finkle's,  and  theoretically,  therefore,  the  total  loss  is  slighdy  underestimated. 
Practically,  the  error  is  slight,  and  the  figures  in  the  coltunn  "Other  Hydt^iltc 
Losses  "  show  that  even  if  the  whole  amount  entered  in  the  column  is  due  to 
this  cause  (which  is  not  probable),  the  value  of  0  need  only  be  considered 
when  very  careful  ntea»irements  are  made.- 

Next,  put  AG— »4<=the  velocity  of'  the  bucket  at  the  point  of  exit,  aod  let 
the  angle  of  exit=AGH-ir-ft. 

The  absolute  velocity  at  exit,  or  the  residual  velocity  is,  «'4=AH,  and 
Vi={''t—vt  COS  ft)*-t-i',*  sin'  3„  which  expresses  Finkle's  geometrical 
The  head  lost  is  -*'. 
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Ecltart's  value  of  p4  is  14  degrees,  or  cos 
The  experimental  results  are  as  follows  : 


;  Diameter  of  minimum  section  of  jet 

1    ^  {iriches)  .        .        .        .        .        .     4SI 


W, 


j  Coefficient  of  contraction  of  jet 
I  Coefficient  of  velocity  . 
1  Coefficioit  of  discharge 

■  Efficiency  of  nozzle,  equal  to     , — ~    . 

Loss  in  eddies  and  friction  in  bucket 

(per  cent) 

L<Ms  in  residual  velocity  (per  cent) 
Other  hydraulic  losses  (per  cent.) 

Hydraulic  efficiency  (per  cent.) 


■994 
0-971 
0965 

0-958 


sSS 


0-976 
0-939 


I 


0-847 
0989 
0-83S 


The  results  are  not  as  good  as  those  which  Finkle  believes  that  he  has 
attained,  but  they  are  actual  measurements,  while  Finlcle's  results  are  calcula- 
tions, though  apparently  founded  on  observations  on  other  Pelton  wheels. 

Centrifugal  Pu}iFS.—Sy»iBOLs.~Th(i  symbols  used  in  discussing 
centrifugal  pumps  are  precisely  those  used  in  discussing  Francis  turbines 
(see  p.  875).  When  it  is  desired  to  distinguish  between  the  hydraulic 
eOkiency  of  a  pump  and  that  of  a  turbine,  the  symbols  (p  and  <i  are  em- 
ployed. Also,  since  the  water  passes  through  the  pump  in  the  reverse 
direction  to  the  flow  of  water  in  a  turbine,  the  suffix  2  refeis  to  exit  from 
the  pump  and  4  to  entry  into.  The  notation  has  not  been  altered,  as  suffix  2 
will  be  found  to  refer  to  the  outer  circumstances  of  the  wheel  both  in  pumps 
and  turbines. 

The  centrifugal  pump  is  a  reversed  turbine.  The  water  flows  through  the 
pump  in  the  opposite  direction  (from  the  centre  to  the  circumference),  and  the 
wheel  rotates  in  the  opposite  direction,  doing  work  on  the  water ;  while  in  the 
case  of  a  turbine  the  water  does  work  on  the  wheel. 

Using  suffix  4  to  denote  entry  into  (i.e.  the  inner  portion  oO  the  wheel,  and 
suffix  a  for  exit  from  (<>.  the  outer  portion  oO  the  wheel ;  we  have  ; 

«  % 

where  r  is  the  hydraulic  efficiency  of  the  pump.    This  may  be  expressed  in 
words  as  follows  : 

The  gross  head  pumped  against  (allowance  being  made  for  pump  efficiency), 
is  equal  to  the  sum  of : 

(i)  The  pressure  produced  by  the  centrifugal  force. 

(ii)  The  pressure  required  to  produce  the  change  in  the  absolute  velocities 
at  entry  and  exit. 

(iii)  The  diminution  of  pressure  caused  by  the  change  in  the  relative 
velocities  at  entry  and  exit. 

The  statement  is  not  a  proof,  but  the  form  is  easy  to  remember. 
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The  value  of  «,  however,  differs  considerably  from  that  obtained  i 
This  difference  is  believed  to  be  solely  due  to  the  exigencies  of  practxal 
design.  A  turbine  is  assumed  to  work  under  a  constant  head,  and  if  the  be»d 
varies  greatly,  the  quantity  of  water  passed  through  the  turbine  is  adjusted  so 
as  to  secure  the  best  efficiency.  A  cenlrifugal  pump  is  expected  to  pomp 
against  a  head  that  varies  over  a  far  greater  range  than  is  usual  io  turbine 
work,  and  to  deliver  the  maximum  possible  quantity  of  water  at  all  heads. 
Thus,  the  pump  must  be  compared  with  a  turbine  which  is  often  run  a.t  in 
unsuitable  speed,  and  is  systematically  overloaded.  The  design  of  the  pump 
must  therefore  be  adapted  to  these  unfavourable  circumstances.  Thus,  t=oiy! 
is  a  mean  value,  in  the  same  sense  as  <=o8o  for  a  turbine.  The  efficiency  of 
a  well  designed  centrifugal  pump  may  be  estimated  as  follows  : 

{a)  For  the  ordinary  type  of  portable  centrifugal  pump  which  is  expected 
to  pump  against  heads  varying  from  lo  to  30  feet,  take  (p^tj—o'at^  where 
«p  is  the  efficiency  of  the  pump,  and  «  is  the  efficiency  of  a  turbine  of  the 
same  siie,  when  running  under  a  head  equal  to  the  mean  head  pumped 
against. 

(i)  For  a  fixed  centrifugal  pump,  working  against  a  large,  and  not  very 
variable  head,  take ; 

(p=«(— o'jo 

The  rules  are  rough,  and  it  is  probable  that  ip  does  not  exceed  0-40,  to  0-45 
in  the  case  of  contractors'  pumps  working  under  ordinary  conditions  ;  while 
most  firms  will  guarantee  '=075  to  078  (not  including  pipe  friction)  against 
a  steady  head. 

The  efficiency  of  the  high  pressure  centrifugal  pumps,  which  are  now 
employed  for  draining  mines,  is  greatly  in  excess  of  that  given  by  the  above 
rule  ;  and  the  difference  between  (p  and  ti  in  these  cases  is  amply  explained  by 
the  fact  that  the  velocity  of  the  water  in  the  long  rising  mains  is  far  greater 
than  the  velocity  of  the  water  in  the  supply  mains  of  turbines. 

The  best  method  of  sketching  out  the  preliminary  design  of  a  pump  is  as 
follows  : 

Let  H[  be  the  maximum  head  pumped  against. 
Let  Hj  be  the  minimum  head  pumped  against. 
Select  a  value  of  t  and  calculate  : 

I-2S  ^-=Ki,        and  izs  ~-=Ki. 

Now,  let  Qi,  and  «„  be  the  quantity  of  water  delivered,  and  the  speed  of 
the  pump,  when  the  head  is  H|,  and  Q„  and  «„  be  the  values  of  Qi,  and  «„ 
when  the  head  is  H,.  Detennine  the  siie  and  type  of  a  turbine  that  will  use 
Qi,  cusecs,  and  run  at  n^,  revolutions  under  a  head  Ki,  and  also  of  a  turbine 
that  will  use  Q],  cusecs,  and  run  at  n^,  revolutions  under  a  head  Kj.  The  two 
turbines  thus  obtained  probably  differ  radically. 

Let  us  assume  that  the  K,,  turbine  is  the  larger  of  the  two.  Calculate  the 
type  and  size  of  a  turbine  that  uses  o'SoQi  (say)  cusecs  at  »],  revc^utions. 
We  thus  usually  get  a  smaller  turbine  which  more  closely  resembles  the  Kj 
turbine  in  type.  .Similarly,  calculate  a  Wrbine  which  passes  i"3oQ»  (say) 
cusecs,  at  «„  revolutions  under  a  head  K^  These  two  turbines  should  not 
differ  very  greatly,  and  the  siie  and  type  of  the  pump  can  now  be  selected. 
The  velocities  «j, «,,  v^  t/4,  and  ivj,  tiii^  can  now  be  estimated,  and  we  can 
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detennine  whether  the  general  equation  is  .satisfied  for  the  two  ci 
H|i  Qii  "ii  and  H),  Q,,  fl,.  Slight  modifications  may  be  required,  but,  as  a 
generEtl  rule,  we  can  proceed  to  estimate  the  losses  due  to  friction,  and  shock, 
and  can  sketch  out  the  forms  of  the  vanes. 

The  process  is  empirical,  and  it  is  quite  possible  to  select  values  of 
H],  Qi,  "i,  which  are  entirely  incompatible  with  the  conditions  H„  Q„  «j.  If 
such  a  case  occurs,  in  practice,  we  must  assume  that  the  pump  will  be  extremely 
inefficient  under  one  or  other  of  the  conditions,  and  should  accordingly  design 
on  that  assumption. 

Sketch  No.  264  shows  three  typical  forms  of  vane  with  radial  entry,  and  a 
spiral  pump  housing,  or  body.    The  spiral  housing  must  plainly  be  so  designed 


Skbtcm  No.  Z64,— Centrifugal  Pump  V«nes. 

that  the  velocity  of  the  water  at  every  point  is  equal  to  Wj  cos  ftj.    Thus,  when 
the  pump  is  delivering  Q,  cusecs  the  area  at  a  point  P,  distant  S  degrees  from 

the  point  O,  is  plainly  — ■    ■  ■■  . 

Losses  sy  Shock.— \n  Sketch  No.  264  the  loss  by  shock  at  entry  is  nil, 
as  the  vanes  are  so  directed  that  the  entry  is  radial.  If  the  quantity  of  water 
delivered  is  altered,  and  the  speed  of  the  pump  is  not  altered,  iC),  is  altered  and 
shock  occurs,  and  its  value  can  be  calculated  by  the  velocity  diagram. 

The  conditions  at  the  point  of  exit  are  somewhat  dilTerent.  There  are  no 
guide  vanes.     Thus,  a  loss  of  head  equal  to 

always  occurs. 


Also  a  loss 


1  — ^ = !  1    occurs,  where  w,  =  ■—    ,-,  • 

\  a^  /  '  '     zirareaatP 
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This  last  loss  varies  over  the  whole  exit  circumference  of  the  pump,  but  i:aii 
be  calculated  by  talcing  the  average  values  at  three  or  four  poincs. 

In  some  modern  high-pressure  centrifugal  pumps  guide  vanes  analogous  ic 
those  of  a  turbine  are  provided  outside  the  wheel.  Sketch  No.  264,  F^g-  % 
shows  the  plan  of  a  typical  eiiample. 

The  tangents  to  the  inner  end  of  these  vanes  should  be  parallel  to  the 
direction  of  Wj,  and  their  outer  tangents  should  be  as  nearly  as  possible  perptcn- 
dicular  to  the  line  joining  the  outer  end  to  the  centre  of  the  wheel.  The  losse: 
arc  obtained  by  putting  -w,  the  velocity  of  exit  from  the  guide  vanes  for  ip,,  and 
di  the  angle  the  end  tangent  makes  with  a  perpendicular  to  the  radius  for  At  in 
the  equations  given  above.  There  is  also  a  certain  exlra  loss  by  skin  frictior 
on  the  guide  vanes.  One  very  efficient  type  of  pump  is  also  provided  with 
internal  guide  vanes. 

If  the  question  be  investigated  mathematically,  it  will  be  found  that  guide 
vanes  permit  a  high  value  of  the  head  to  be  obtained  with  wheel  vanes  which 
are  nearly  straight  and  much  shorter  than  in  the  ordinary  type  of  pump. 
Several  theories  regarding  the  exact  form  of  these  vanea  are  alltided  to  later, 
but  so  far  as  experiments  go  the  precise  form  does  not  vgipeax  to  be  very 
important. 

The  practical  result  is  that  a  guide  vane  pump  is  some  ;  to  10  per  cent. 
more  efficient  than-  the  ordinary  type  when  delivering  the  designed  quantity  of 
water  and  running  at  the  designed  speed.  The  efficiency  curve,  however,  is 
very  sharply  pointed,  and  thus  the  pump  is  ill  adapted  for  working  under 
variable  heads  or  at  speeds  other  than  the  designed  speed.  The  question  is  of 
importance,  since  our  present  knowledge  of  the  exact  values  of  shock  losses  and 
losses  in  curved  passages  is  not  sufiiciently  precise  to  enable  the  mathematical 
processes  already  discussed  to  disclose  the  full  advantages  obtained  by  guide 
vanes.  In  three  cases  that  have  recently  come  under  my  notice  the  makers 
tendered  guide  vane  pumps  and  guaranteed  and  obtained  values  of  the 
efficiency  which  were  higher  than  those  predicted  by  the  usual  rules. 

In  the  one  case  that  I  was  able  to  test  exhaustively  it  appeared  that  the 
losses  in  the  wheel  passages  were  little  if  at  all  greater  than  those  due  to  skin 
friction.  The  wheel  vai»es  were  nearly  straight,  and  the  workmanship  of  the 
pump  was  excellent.  The  one  doubt  that  still  remains  is  whether  the  efficiency 
will  not  decrease  very  rapidly  when  the  pump  becomes  worn.  I  have  not  as 
yet  felt  justified  in  recommending  a  guide  vane  pimip  for  silted  water. 

Neumann  (7X«o^(*  (fer  Zenlrifugal  Pumpen)  has  proposed  to  make  these 
guide  vanes  conform  to  an  evolute  of  a  circle,  the  radius  of  the  generating 
circle  being  fixed  by  the  initial  angle  of  inclination  of  the  guide  vane,  as 
calculated  from  the  equations  of  relative  velocity. 

^f!%txiy>\{Revue  de  Mechanique,'^\^\  October  1910)  states  that  this  form  is 
not  so  good  as  the  equiangular  spiral  which  produces  a  very  efficient  shape 
when  tested  experimentally.  Bergeron  also  considers  the  correction  caused  by 
the  fact  that  both  the  exit  channels  from  the  wheel  and  the  entrance  channels 
into  the  guide  chamber  are  of  finite  siie.  Both  his  own  experiments  and  those 
of  Wagenbach  {Zlsehr.  des  Gesamtt  Turbiruitwesen,  30th  June  1908)  show  that 
8j  is  in  practice  somewhat  less  than  the  value  obtained  by  drawing  the  triangle 
of  velocities. 

Thus,  H,  the  height  to  which  the  pump  can  lift  the  water,  is  somewhat  less 
than  the  dieoretical  value  in  vanes  which  are  directed  either  backward  or 
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radially,  and  is  somewhat  greater  than  the  theoretical  value  when  the  vanes  are 
directed  forward. 

!n  general,  when  high  efficiency  is  desired  it  is  advisable  to  use  backwardly 
directed  vanes,  but  the  required  lift  can  be  attuned  (even  if  the  lesser  value  of 
the  efficiency  be  taken  iiito  account)  at  the  least  speed  of  pump  rotation  by 
using  forwardly  directed  vanes. 

Variation  of  H  as  Q  is  a/fered.—C0TaiAcT  the  equation : 


•E". 


Wjtfg  cos  S, — Vf,u^  a 


When  the  entry  is  radial  cos  84=0,  and  cos  64  is  always  small.     Thus,  for 
speeds  which  are  not  very  different  from  ihat  of  radial  entry  ; 


m.. 


WfUt  COB  ii=Ui'+UtVi  cos  Pi 


Th=rrfo™  „,.•-«Ji5ia+yil^S:^3 


Now,  for  vanes  which  are  directed  backwards  at  exit  (see  I,  Sketch  No  264), 
I  ft  is  negative. 
For  vanes  which  are  radial  at  exit  (see  II,  Sketch  No.  364),  cos  ft=o,  or 


«.-y 


s  which  are  directed  forward  at  entry  (see  III,  Sketch  No.  264), 
cos  8,  is  positive. 

Now,  Vi  can  be  exiH«ssed  in  terms  of  Q  ; 

Thus,  if  we  plot  —  as  ordinate,  and  Q,  as  abscissa,  we  get  the  three  lines 
A]H,A,HandA3H,whichrepresentthevaluesof  -  in  terms  trf Q,  when  Wj,  or  », 


HA,,  refers  to  a  vane  which  is  directed  backwards  at  exit  (cos  j9]  being 
negative),  and  therefore  slopes  downwards  as  Q,  increases.  * 

HAi,  refers  to  a  vane  which  is  radial  at  exit  (cos  )3s=o),  and  is  therefore 
horizontal. 

HA„  refers  to  a  vane  which  is  directed  forwards  at  exit  (cos  /3,  being 
positive),  and  therefore  slopes  upwards  as  Q,  increases. 

The  value  of  OH,  i>.  -  when  Q™o,  is  plainly  "^-. 

Now,  as  a  matter  of  experiment,  *  varies  as  Q  alters,  owing  to  shock,  and 
losses  due  to  the  fact  that  entry  is  only  radial  for  one  particular  value  of  Q. 
The  values  of  H,  as  actually  observed,  therefore  lie  not  on  the  straight  lines 
HAi,  HA^and  HA„but  on  the  approximately  parabolic  curves  BjK,,  BjK., 
and  B«Ks'     It  is  also  an  experimental  fact  that,  very  approximately,  OB,,  OBj, 

and  OBj  are  each  equal  to -'-.    A  general  idea  of  the  relation  between  H,  and 

Q,  can  thus  be  obtained.    The  results  can  be  rendered  quite  sufficiently  accurate 
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for  ordinary  practical  purposes  by  calculating  the  theoretical  cur\'es  of      ,as 

indicated,  and  calculating  <  for  any  given  value  of  Q,  as  follows ; 

Put  (^  for  the  obsened  value  of  t  when  ihe  pump  passes  the  quantity  of 
water,  say  Q„,  which  produces  the  best  efficiency  at  the  given  speed,  or  for  the 
calculated  value  of  t  under  these  circumstances. 

Estimate  the  shock  losses  at  entry  and  exit  for  the  new  value  of  Q,  say  Q,. 

Tlien  the  investigation  of  turbine  efficiencies  given  on  page  90a  applies,  and 
the  new  value  of  f  becomes : 


'"■(oi)  -"^-"^"^'^  say. 


The  value  of  the  head  produced  is  given  by  (iH|,  where  H,,  is  the  valtie  of 
i  calculated  by  the  theoretical  straight  line  equations  already  given. 


H  , 

The  results  of  this  process  are  quite  sufficiently  accurate,  provided  that  Qi, 
is  not  less  than  say  o'6Qn,  and  is  not  greater  than  say  r4Qin.  I^  however,  the 
method  is  applied  to  calculate  H,  when  Qi=o'lQn,  or  when  Qi  =  3Qn,  errxirs 
may  be  expected,  and  the  head  which  will  be  obtained  will  usually  be  less  than 
the  truth  when  Qi  is  a  small  fraction  of  Q„.  The  head  is  greater  than  the  truth 
if  Qi,  considerably  exceeds  Qo.. 

For  preliminary  estimates  the  following  rule  will  be  found  to  agree  well  with 

the  makers'  catalogues  

Wj=8'5  to  g'2  ^'H 

the  lower  values  evidently  refer  to  more  efficient  pumps. 

In  very  well  designed  pumps  with  guide  vanes  such  values  as  ; 

w»=7'S  to  S'zViTarc  attained. 

The  theory  given  above  includes  alt  points  in  which  the  design  of  a 
centrifugal  pump  differs  from  that  of  a  turbine.  It  may,  however,  be  noted 
that  in  cases  where  the  pump  is  below  water  level,  so  that  troubles  caused  by  a 
vacuum  existing  at  the  entrance  to  the  pump  need  not  be  feared,  a  certain  gain 
in  efficiency  can  be  secured  by  making  the  ratio  -^  considerably  larger  than 
is  usual  to  tuiiiines.  The  theory  is  obvious,  since  divergence  losses  do  not 
occur,  and  K  (see  p.  902)  depends  only  on  frictional  losses.  The  size  of  the 
pump  can  thus  be  materially  reduced.  The  extra  losses  caused  by  the 
increase  in  the  velocity  of  the  water  in  the  pump,  and  (unless  a  divei^ng 
mouthpiece  be  provided)  in  the  rising  main,  are  easily  calculable. 

The  question  of  multiple  stage  pumps  is  not  considered,  as  the  difficulties 
in  design  caused  by  the  double  and  triple  wheels  are  entirely  mechanical. 
The  efficiency  of  multiple  stage  pumps  is  high,  but  is  probably  not  higher  than 
that  of  a  carefully  designed  single  stage  pump  working  against  a  practically 
constant  head. 

Governing  of  Turbines.— Our  present  knowledge  does  not  permit  any 
very  definite  statements  to  be  made  on  this  subject.  The  requirements  of  a 
governor  are : 

(i)  Sensitiveness,  i.e.  it  should  change  the  position  of  the  regulating  apparatus 
with  as  small  an  alteration  of  the  number  of  revolutions  of  the  shaft  as  possible. 

(ii)  Rapidity  of  action,  i.t.  the  governor  should  be  powerful  enough  to  move 
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the  regulating  apparatus  rapidly.  This  condition  must  be  carefully  considered. 
While  an  instantaneous  opening  of  the  apparatus  is  not  objectional,  an  instan- 
taneous closure  would  produce  water-hammer,  thus  the  time  of  closure  can  with 
advantage  be  greater  than  the  time  of  opening. 

(iii)  Non-hunting  propbrties,  i.e.  the  governor  should  bring  the  turbine  to 
its  proper  speed  rapidly,  with  as  few  oscillations  about  this  speed  as  possible. 

The  following  investigation  is  given  by  Pfarr  {Turbineti). 

Lei  aN  represent  the  horse-power  initially  developed  by  the  turbine,  and 

let  this  be  suddenly  diminished,  or  increased,  to  ^N  ;  let  aM  and  ^M 

represent  the  corresponding  turning  moments  given  out  by  the  turbine 

shaft,  in  foot-pounds. 
Let  an  represent  the  speed  of  the  shaft  when  the  governor  holds  the 

regulating  apparatus  at  the. position  corresponding  to  the  supply  of 

water  required  for  aN  horse-power. 
Let  Hi,  be  the  corresponding  speed  for  fN   horse-power.    The  more 

sensitive  the  governor  the  less  Utr^iti,. 
Let  T  represent  the  line  required  to  dose  off  or  open  out  the  regulating 

apparatus  completely,  i>.  from  a=  i  to  b=Q.    T  is  smaller  the  more 

raiHd  the  governor. 
Let  s  represent  the  time  between  the  alteration  of  load  and  the  Arst 

motion  of  the  governor,  i>.  s  is  smaller  the  more  sensitive  the 

governor. 
t.et  I  KiH^esent  the  moment  of  inertia  of  the  shaft  and  all  rigidly  attached 

masses,  i.e.  wheels  and  dynamo  if  this  is  direct  driven,  about  its 

axis,  in  Ibs.-feet*. 

Then  if  we  assume  ; 

(i)  No  change  in  the  effective  head  H  by  waves  or  oscillations  in  the 
pressure  main  ; 

(ii)  That  the  governing  apparatus  once  in  action  works  at  its  maximum 
speed,  and  shuts  olTDr  admits  the  water  uniformly  : 

The  maximum  (for  a  diminution  of  load)  or  the  minimum  (for  an  ii 
of  load)  speed  is  given  by 

»™-».+e»!{(»-*),+(.-«'i} 


«.,.-t,-3?f{(4-.>.+(»-«)-^} 


and,  as  already  stated,  T  usually  differs  for  closure  and  opening. 

The  assumptions  in  my  opinion  are  so  far  removed  from  the  practical 
condition  that  the  equation  is  only  useful  for  comparative  purposes.  In 
particular,  nearly  all  good  governing  apparatus  do  not  work  uniformly,  but  at 
a  speed  approximately  proportional  to  the  change  from  the  required  speed  ni,. 
This  could  be  allowed  for  in  the  mathematical  investigation  were  it  not  that 
most  makers  cannot  supply  the  values  of  ;,  T,  /)„  or  ^  with  any  accuracy. 

In  addition,  the  formula  in  no  way  discloses  the  hunting  possibilities  of  the 
governing  apparatus.  These  Pfarr  has  investigated  graphically.  So  far  as 
I  am  aware  the  results  do  not  agree  with  those  obtained  by  tacheometric  studies 
of  the  speed  oscillations,  but  the  difficulties  regarding  s,  T,  etc.  will  amply 
explain  this. 
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The  present  position,  therefore,  is  that  the  civil  engineer  must  accept 
makers'  guarantees,  and  is  frequently  obliged  to  buy  a  turbine  he  would  no: 
otherwise  select,  in  order  lo  obtain  a  reliable  governor.  His  difficulues  can 
be  ijreatly  minimised  by  careful  design  of  Ihe  supply  mains  and  providing  rel^ 

The  best  method,  however,  is  ihe  water  tower,  which  I  therefore  investigate 
in  detail. 

SVMBOLS 
AsuRix  notation  is  employed  for  |3,  C,  Q,  i*  and^  during  the  arithmetical  integiatioQ.   r. 
represents  the  value  of  v^,   ion   seconds   after  the  change  of   load   ocean,   and 


"^, 


s  the  coefficient  of  skin  friction  for  the  m 


n  square  (eet. 
a  of  the  ciQss-eeclion  of  the  water  tower  in  square  feet. 
H,  is  the  total  head  in  feet,  measured  fiom  foiebay  to  the  tail  water  i^hannel  of  the  tuibioF. 
A,  is  the  head  in  feet,  expended  in  producing  a  unironn  velocity  n  thrM^h  the  length  /of 

the  main. 
i  (see  p.  95*). 

/,  is  the  length  of  the  main  in  feel  from  forebay  to  water  tower, 
in,  as  a  sufF.x  indicates  a  minimax  value. 
P  (see  p.  953).  .... 

Q,  is  the  quantity  of  water  recetved  by  the  turbine  in  cusecs. 
Qt  =  Fp».     Qt  =  F!.t.     Qa  (see  p.  954). 
R  (see  p.  954). 
(,  is  the  symbol  for  time ;  ifT,  indicates  the  period  of  tnne,  usually  lo  seconds,  daiiog 

which  a  change  Ae  or  Aj-  occurs. 
vi,  and  Vb  are  the  initial  and,  final  velodlies  of  the  water  in  the  main. 
V,  and  V,  (see  p.  954). 
X  (see  p.  954). 
y,  is  the  height  in  feet  of  the  water  surface  in  the  water  tower  above  the  water  Ici'el  in  the 

toiebay. 
i^  (see  p.  952). 
^t^  =  :*  =  t^(A  +  ^_)(Kep.946).    ^.(seep.946). 

Problem  of  a.  Water  Tower  or  Vessel  at  the  Low«r  End  of  a  kmg  Presnre 
Main. — Consider  a  pressure  main  i/,  feet  in  diameter,  and  /,  feet  in  length,  and 
of  an  area  represented  by  F  =  — ,  which  is  delivering  {e.^.  to  a  power  stationX 

a  quantity  of  water  equal  to  Qn,  cubic  feel  per  second,  where  Fi^— Qi,  Sup. 
pose  (one  turbine  having  been  shut  olT,  or  set  to  work)  that  the  demand 
suddenly  changes  to  Q/=Fw/.  It  is  quite  evident  that  the  acceleration  or 
retardation  of  a  mass  of  62'5F/,  pounds  of  water  from  velocity  i^  to  velocity  7-/, 
will  take  time,  and  that  there  will  be  a  sudden  fall,  or  rise  of  pressure,  producing 
shocks  and  irregular  running  of  the  turbines. 

In  order  to  avoid  such  irregularities,  it  is  usual  to  construct  a  water  lower, 
or  some  other  device  close  to  the  lower  end  of  the  main,  in  order  to  equalise  the 
supply.    I'he  change  will  then  occur  gradually. 

The  theory  is  rather  complex,  and  I  propose  to  develop  it,  and  incidentally 
to  give  some  idea  of  the  amount  of  irregidarity  that  still  remains  uncompensated 
for. 

Let  F,„  be  the  surface  area  of  the  equalising  device.  Let^,  be  ihe  height 
of  the  water  surface  in  this  device,  measured  from  the  level  corresponding  to 
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Q=^o,  i.e,  the  level  of  ihe  water  in  the  forebay  at  the  upper  end  of  the  main. 
Thus,  when  the  velocity,  is  steady,^,  is  always  negative. 

Let  'V,  be  the  velocity  <A  the  water  in  the  main  at  any  time  t,  aftei  the 
change  in  demand  occurs. 

Then,  assuming  that  a  quantity  Q,  is  furnished  to  the  turbines,  we  have : 
Qiit"     Fv^f-F«tfy .        .     (i) 

and  A™/3i^=**  ( — '"i^j)  '*  '^*  head  required  to  maintain  a  unifonn  velocity 
V,  in  the  main.  The  force  accelerating  the  mass  of  water  in  the  main  is  con- 
sequently represented  by  6z"SF(— /—^X  since  ^,  is  positive  when  the  water 
surface  in  the  water  tower  is  above  the  water  level  in  the  forebay. 


Sketch  No.  a65.— Water  Tower. 


The  mass  accelerated  i: 
Thus,  we  get : 


t/i 


=f  (-J-A) 


(ii) 


Eliminating  v,  between  equations  (i)  and  (ii),  we  can  get  a  differential 
equation  for  y.  The  solution  of  this  equation  can  only  be  obtained  on  the 
assumption  that  Q,  and  3,  are  constant.  Now,  if  Q  =  Q/=a  constant,  the 
equalising  reservoir,  or  chamber,  works  satisfactorily.  Provided  that  this  can 
be  relied  upon,  there  is  no  particular  reason  for  an  engineer  to  waste  his  time 
on  mathematical  gymnastics.  * 

Thus,  for  practical  purposes,  some  process  is  required  which  enables  us  to 
see  what  actually  takes  place,  and  to  determine  how  much  Q  (the  supply  to 
the  turbine)  really  does  vary. 

The  following  approximate  process  is  open  to  mathematical  objections,  and, 

if  carelessly  handled,  may  lead  to  results  which  differ  materially  from  the  truth. 

The  method  amounts  to  tracing  a  curve  on  the  assumption  that  a  small  arc  of 

the  curve  can  always  be  replaced  by  its  tangent,  provided  that  we  calculate  the 

60 
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inclination  of  the  tangent  at  sufficiently  frequent  intervals.  Errors  arc  thn» 
accumulative,  but  can  be  sufficiently  minimised  for  practical  purposes  bj 
shortening  the  time  intervals  whenever  the  tangent  is  steep,  i^.  Ay,  or  Ac,  is 
large.  I  have  calculated  several  cases  which  pennitof  accurate  solutions,  b* 
the  approximate  process,  and  find  that  errors  in  the  absolute  magnitude  of  j*,  or 
^  V,  are  not  very  great  (4,  to  6  per  cent,  at  most),  although  the  time  at  which 
they  occur  is  frequently  some  10  per  cent,  in  error.  Now,  we  are  really  only 
concerned  with  the  minimax  values  of  y,  and  the  time  at  which  they  oc£st  is 
not  highly  material.  In  the  accurate  solutions,  however,  we  must  assume  thai 
Q,  is  constant.  As  a  matter  of  fact,  we  really  wish  to  find  whether  the  tower  is 
sufficiently  large  to  cause  Q  to  remain  constant.  We  must  also  assume  that  3 
is  constant,  which  (even  if  we  have  experimented  on  the  pipe,  and  know  the 
actual  value  of  C),  is  erroneous ;  as  C,  probably  varies  7  or  8  per  cent,  in  large 
pipes,  when  v,  varies  from  I  foot  to  5  feet  per  second.  Thus,  I  consider  that 
the  approximate  method  is  just  as  likely  to  give  results  which  agree  with 
experiment,  as  the  accurate  mathematical  solution.  In  practice  C,  is  usuallf 
not  determined  by  actual  experiment,  but  is  calculated  by  the  rules  whicfa 
have  already  been  given.  The  magnitude  of  the  diflerences  which  are  thee 
produced  by  merely  selecting  different  methods  of  calculating  C,  far  exceeds 
that  which  is  likely  to  be  produced  by  using  the  approximate  in  place  of  the 
accurate  method. 

We  may,  as  a  rule,  take  AT=  10  seconds,  and  may  assume  that  j-,  and  r, 
change  by  jumps  at  the  end  of  each  such  period. 

\i y„,  v.,  Q.,  and  j3„,  be  the  values  of  j*,  v,  Q,andf3,at  the  end  of  io«, 
seconds  from  the  time  when  the  changes  in  demand  begin,  replacing  dy,  by  Av. 
the  change  in  _>■,  during  the  lo  seconds  interval  between  lOff,  and  ioi«4-io 
seconds  after  the  change  in  demand  occurs,  is  given  by  the  equation ; 

From  equation  (1)  V"=  ">        ^ C") 

Fromequation(ii)if,,=  -^0',+ft>w»')AT Ov) 

""    ■!'"*^~''"T.'^"  /  are  the  valuesof^,  andw,  at  thccnd  of  lOff+ioseconds. 

Then,  by  substituting  these  values  in  equations  (iitX  and  (iv),  we  can  obtain 
yv-iii  i>K,i,  and  so  work  on  for  as  long  a  period  as  is  requisite. 
The  calculation  of  ft,,  is  obvious : 


^  where  C,  is  the  variable  value  of  C,  appropriate  lo  d,  and  e 


andiftheentrytothc  pipe  is  not  bell-mouthed,  the  term  — ,  may  become  —5,  as 
already  discussed  (see  p.  414). 

It  wilfalso  be  plain  that  if  k—K^,  better  represents  the  friaion  equation  of 
the  main,  this  form  can  be  introduced  into  the  calculations. 

The  method  will  be  rendered  clearer  by  the  following  example,  which  is 
founded  on  the  design  for  the  Baden  State  Railways  Power  Scheme  in  the 
Murgia]  {Die  Wasserkraft  Anlagt  im  Murgtal,  1910).  Slight  alterations  haw 
purposely  been  made,  as  the  original  object  of  the  work  was  to  estimate  the  effect 
of  such  variations  by  comparison  with  the  results  given  in  the  Iteatise  referred  to. 

The  supply  main  is  of  the  following  dimensions  I 
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Length  ^^  10,040  feet.  Cross-section  F  =  88-33  square  feet  Cross-sectii 
of  the  water  tower,  F„=  12175  square  feet.  The  full  supply  Qi=494  cusecs, 
z'6=5"6i  feet  per  second.  The  power  house  is  suddenly  shut  down,  so  tb 
Q/=o,  and  Vj=o. 

The  value  of  fS,  is  given  as  0709,  or_rt=  —  32-30  feet 

The   time  of  vibration  of  the  system  (when  unatTected  by  friction)  i 


V. 


/F„ 

g  F' 


Or  in  this  case  : 


V  3: 


liZJ— 210  seconds. 


According  to  Johnson  {Pr»c.  Am.  Imt.  of  Mtch.  Engr.,  vol.  3c^  p.  442),  the 
me  as  influenced  by  friction  is  not  very  fer  rentoved  from; 


Vi 


%"-t--p';-  i3»(wi+«r)*=272  seconds. 


It  is  therefore  e 

close  to  introduce  ni 

The  equations  ai 


The  actual  calculation  requires  great 
a  table  ruled  as  below  : 


'ident  that  intervals  of  10  seconds  should  be  sufficiently 
very  great  error  in  the  results. 
!,  putting  iT=  10  seconds; 
F  882-3 

■'  F„        1217-5 

=  —  o'032i>',— o'0228»«*. 

:,  and  is  best  effected  by  means  of 


-'.=if( 


Time 

J' feet 

Affect 

0-72  5w 

K  feet  p.  s. 

if  feet  p. ». 

00311^ 

o-02a8e.= 

.0 

-a2-30 

-  r8-23 

-  14-16 

4-07 

4-07 

4-07 
4-07 

S'6» 

5-6i 
5-48 

-0-131 

0-716 
0-585 

0716 
0-716 

In  the  first  line,  the  given  values  of^o,  and  »o  {'■'■  yi.  and  t^),  are  inserted  in 
columns  2  and  j.    Column  4  is  obtained  by  multiplying  Va  by  o-72S,    Since 


o  that  column  4  is  not  needed 

:n  at  once  in  column  3  of  line  2. 


Q/=c^  there  is  no  term  in  ^  of  the  form  - 

in  this  case,  and  the  result  by  ^-07,  might  be  written  at  one 

Columns  7  and  8  of  line  i  are  now  tilled  in  as  shown. 

The  deteTminatiDn  of  the  signs  of  these  terms  is  difficult.  The  term  in  v*, 
always  has  a  sign  opposite  to  that  of  v,  and  the  term  in  y  (as  shown  by  the 
equation  for  by),  is  positive  if  v,  and  y,  have  ditTerent  signs,  and  negative  if 
they  have  the  same  sign.  Thus,  in  this  particular  case  &v,^o,  and  line  2  is 
filled  in  with  A)'d*=4'07,  AVo^o. 
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T 

j-feet 

Ay 

Kfeet 
per  Sec. 

tkO 

Remulu 

o 

-  22-30 

4-07 

5-6i 

0          \ 

lO 

-  18-23 

4-07 

5-6i 

-0-136 

ao 

-14-16 

3-96 

S'47 

-0-227 

The  sijms  of  the  terms  of  ir 

30 

-IO-20 

3-81 

5-25 

-  0-302    -     are :  0-02281/*  n^ative. 

40 

-     639 

3  59 

495 

-0-353                0-0321^  positive. 

50 

-     2 -So 

2-8i 

460 

-0330 

S8-4 

028 

4-27 

—  o^ofio  1 

60 

+     028 

1-98 

4-21 

-0-404  i' 

Change  of  section  occurs. 

70 

+     2-26 

1-77 

381 

-  0-404  1 

80 

+    4-03 

158 

3'4i 

-  0-394  j 

90 

+   5-6i 

1-40 

302 

-  0-388  1 

+    701 

1-22 

2-63 

-0-382  1 

no 

+  8-a3 

1-02 

2-25 

-0-375' 

The  teim  o'0228t/^  is  n^ativc. 

120 

+  9'aS 

0-87 

1-88 

-0-377 

so  is  the  tenn  o-ojai^y. 

130 

+  IOI2 

0-70 

ISO 

-0-376 

140 

+  10-83 

0-52 

1-12 

-0-375  i 

150 

+  "■34 

+  0-35 

075 

-0-372; 

160 

+  11-69 

+0-18 

o;38 

-0379 

170 

+  11-87 

o-o 

-0-380  J 

180 

+  11-87 

-018 

-0-38 

-0-376; 

The  term    0-02289^   becomes 

190 

+  ..69 

-0-35 

-0-76 

-0-362, 

positive,    since    v    is     no* 

200 

+  11-34 

-0-52 

-1-12 

-0-336, 

n^adve,  the  term  0-0321/ 

310 

+  10-82 

-0-68 

-1-46 

-0-2981 

remains  negative. 

220 

+  1014 

-082 

-1-76 

-0-255, 

230 

+    9 '33 

-0-94 

-2'02 

-O-202  , 

240 

+   8-38 

-1-03 

-2-22 

-0-157' 

250 

+    7-35 

-no 

-2-38 

-0-I07 

260 

+  6-25 

- 1-15 

-248 

~o'o6i  ; 

270 

+   5-10 

—  i'i8 

-a-54 

-0-017: 

280 

+  39a 

-119 

-2-56 

+  0-023  1 

290 

+   2-73 

-r-18 

-a-54 

+  0-061  i 

300 

+  rss 

-i-i6 

-248 

+  0-094  I 

310 

+  0-39 

-039 

-2 '39 

+  0-040, 

For  3-5  seconds. 

3i3'S 

o-o 

-I'll 

-'■35 

+  o-o8o; 

1  For  6-5  seconds. 

320 

-    i-ii 

-1-64 

-2-27 

+0-IS3! 

Change  of  section  occurs  as 

330 

-    »'75 

-1-54 

+  0-190; 

before. 

340 

-    429 

-1-40 

-1-93 

+0-223 

The    tenn    0-02  28^'    is    still 

35° 

-    5-69 

-1-24 

-1-71 

+  0249' 

positive,  but  o-o32i>  is  also 

360 

-    6*93 

-I -06 

-1-46 

+  0-273I 

positive,  since/  has  dianged 

370 

-    7  99 

-0-86 

-1-19 

+  0388 

sign. 

380 

-    8-85 

-0-66 

-090 

+  0-306; 

39<^ 

-    9'S' 

-0-43 

-©■59 

+  0-313' 

400 

-    9 '94 

-0-28 

+  0-321; 

[■410 

-10-14 

+o'03 

+  0-04 

...      1 

I  The   term   0-02  i8w*  becomes 

Uao 

...      IJ      negative,  since  n  is  positive. 

The  cBlcnlations  were  made  with  ■  Jo  cm.  slide  rule,  and  the  third  place  ^nres  in  Ar 
&re  plainly  liable  In  error.    The  agieemeDt  with  calcaluions  eflected  od  an  anlbmoiDeler 

is,  however,  very  dole,  and  the  slide  nile  appears  to  be  sufiicienlly  accurate  for  praciical 
purposes. 
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The  columns  headed  y,  and  v,  can  now  be  filled  in  in  line  3,  which  refers  to 
a  time  10  seconds  after  die  alteration  in  demand. 

From  the  above  values  we  can  calculate  the  entries  in  columns  4,  7,  and  S, 
of  line  3,  and,  determining  the  signs  as  already  indicated,  we  fill  in  columns  3 
and  6  of  line  4  with 

Aj'j=4-o7,        and  A»|  =  — o'i3i. 

For  20  seconds  (line  5)  we  consequently  find  that : 


y*= 


-I4'i6     andw 


=  5-48 


and  the  work  can  proceed  as  far  as  is  required. 

In  the  actual  problem  the  water  tower  is  stepped,  and  its  area  for  positive 
values  of  y,  is  F'„=i9oi.  Consequently,  when  y,  is  positive,  we  have 
a»'=0'464w.  The  change  occurs  at  T=s8'4  seconds,  and  again  at  313-5 
seconds.  The  table  shows  the  solution  for  the  first  410  seconds,  and  the' 
maximum  and  minimum  values  of^y,  and  v,  are  found  to  be  as  follows  : 

Maximum  of^^  +  ifS?  feet  when  T=  180  seconds. 
Minimum  of^=»  —  io'i4  feet  when  T=4ioseconds. 
Maximum  of  v=+5'6i  feet  per  second  when  T=o  seconds. 
Minimum  ofi/=— j'56       „  „  „      3  So  seconds. 

The  case  might  be  further  investigated,  but  it  is  fairly  plain  that  no  greater 
oscillations  can  occur. 

Let  us  now  consider  a  case  where  the  demand  is  suddenly  increased  from 
247  cusecs  to  494  cusecs.    We  have  : 


-J-. 


-?i'3- 


S-S7  feet 


z'8o  feet  per  second. 


Assuming  that  494  cusecs  is  actually  delivered  to  the  turbine  by  the 
combined  contributions  of  the  pipe  and  the  water  tower,  the  equations  for  10 
seconds  interval  are  as  follows  : 

Ay,=-4-os+o-7Z5»« 
4v„=  —  oio3I2j'b— o'oaaSt'B* 


The  sample  table  for  the  first  40  seconds  is  as  follows  : 

T 

r 

o7aS''-  I       Ak- 

1^. 

Ap. 

0-032  v„ 

ooa28p„» 

» 

-5-S7 

a-oj 

-2-03 

,^ 

10 

-7-6o 

-2-02 

3-8o 

+  0-065 

0-244 

0-179 

JO 

-9-62 

308     1 

-1-97 

>■«; 

+  0-131 

0-309 

0-188 

30 

-11-59 

"■'     •    -.-88 

-99 

+0-I68 

0-372 

0'204 

40 

-  13  "47 

2-39 

-176 

316 

+  0'204 

0-433 

0-228 
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llwreafter  the  tabulation  is 


T 

y 

Ac 

» 

Ar 

SO 

-i5-a3 

-1-62 

3-36 

0 

232 

60 

-  i6-8s 

-I -45 

3'59 

0 

247 

70 

- 18-30 

-1-27 

3-84 

0 

25' 

80 

-i9"S7 

-rog 

4-09 

0 

247 

90 

-  20-66 

—  o'go 

4'34 

0 

234 

100 

-21-56 

-073 

4-57 

0 

21S 

no 

-82-39 

-0-S7 

4-79 

0 

»93 

130 

-22-86 

-0-44 

4-98 

0 

168 

130 

-23-30 

-0-32 

5-'5 

0 

144 

140 

-  23-62 

-0-2I 

5  "29 

0 

120 

'50 

-23-84 

-0-13 

S-4I 

0 

095 

160 

-23-97 

-006 

S'So 

0 

oSo 

170 

-2403 

-0-03 

5-58 

0 

068 

180 

-  34-06 

.+  0-0S 

5-65 

0 

OS' 

190 

—  24-01 

+  0-08 

S-70 

0 

031 

-  2393 

+  0-IO 

5-73 

2 10 

-23-83 

+  0-12 

575 

0 

on 

-23-71 

+  0-I3 

5-76 

004 

230 

-23-58 

.0..3 

5-76 

-0 

002 

In  view  of  the  small  difference  between  these  values,  and  the  steady  moiioc 
\-alues^->  —22-3  feet,  t"—  5-60  feet  per  second,  it  is  unnecessary  to  carry  tbe  «i"'( 
any  further. 

The  total  head  in  the  case  to  which  these  examples  refer  exceeds  300  its. 
and  the  maximum  oscillation  being  only  about  33  feet  (Example  No.  0  it* 
variation  in  the  head  is  only  1 1  per  cent.  Thus,  even  if  the  governor  did  M 
move  during  the  first  180  seconds,  the  variation  in  Q  (the  quantity  passed  on 
to  the  turbine)  would  at  the  worst  be  but  5  per  cent.,  so  that  wc  may  consider 
that  this  regulation  is  very  satisfactory. 

Let  us,  however,  assume  that  the  water  tower  is  not  widened  out  at7=o,  bui 
has  a  cross-section  of  1217-5  square  feet  all  the  way  up.  Let  us  also  assuint 
that  the  regulation  is  by  hand,  and  that  when  the  full  demand  corresponding  to 
a  load  represented  by  iia^^  5 '60  feet  per  second  ceases,  the  admission  valvt  ^ 
the  turbine  is  adjusted  so  as  to  pass  only  49-4  cusecs,  under  an  effective  bead 
of  287-7  feet  We  find  that  the  maximum  effective  head  is  317-8  feet,  and  thai 
1  head  is  272-3  feet     The  maximum  delivery  to  the  turbine  i? 


consequently  49'4^^=S2- 


'o  cusecs,  and  the  minimum  is  48-4  cusecs. 

This  variation  is  sufficient  to  materially  influence  the  calculation,  and  i" 
such  cases  a  9th  and  loth  column  should  be  introduced  in  the  aridmeiicil 
work,  in  which  we  calculate  Q,  from  the  formula: 


»-V*^^ 
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Then,  the  equation  for  Or,  in  plftce  of  being : 

where  p',  is  a  constant,  is  represented  by 

The  question  is  of  most  importance  when  H,  is  small  (say  ^o  to  60  feel).  In 
such  cases,  it  if  tisnally  an  easy  matter  to  make  the  ratio  -p,  large,  so  that^-,  is 

only  3  relatively  small  fraction  of  H. 

Returning  to  the  general  problem.  It  will  be  plain  that  the  process  given 
above  pennits  us  to  determine  the  rise  and  fall  of  the  water  level  in  the  water 
tower,  or  surge  lank,  when  F,,  is  determined.  The  problem  met  with  in 
practice,  however,  is  more  usually  as  follows.  We  assume  a  certain  value  for 
vti—Vf,  corresponding  to  the  fraction  of  the  total  load  of  the  power  station  that 
is  likely  to  be  suddenly  thrown  off,  or  put  on,  say,  I't,— r'/=ih'iii,iwhere  Vn,  is  the 
velocity  corresponding  to  full  load,  and  k,  is  a  fraction  determined  by  the 
variability  of  the  load. 

The  practical  problem  for  a  given  k,  is  then  to  determine  F«,  so  that  the 
extreme  oscillations  of  the  water  level  may  be  such  as  to  produce  the  cheapest 
solution. 

The  question  has  been  very  carefully  investigated  by  Johnson  {Trans.  Am. 
Soe.  of  Mich.  Eng.,  vols.  30  and  31).  Certain  very  osefiil  equations  are  also 
given  by  Johnson,  Hana,  and  Lamer,  in  the  paper  and  its  discussion. 
Having  very  careRUy  compared  these  with  the  results  of  the  arithmetical 
methods  developed  above,  I  consider  that  Haraa's  methods  are  most  suitable 
for  practical  design.     Harza  considers  the  equations  : 


dv 


-f(^+ft'),  »d*-?^ 


and  in  addition  assumes  that  the  governor  of  the  turbine  acts  instantaneously, 
so  as  to  keep  the  power  delivered  to  the  turbines  constant,  and  thus  arrives  at 
a  third  equation : 

Q(H-j')-Q/<H-^/) 

where  ^/,  is  the  value  corresponding  to  a  steady  velocity  v/,  and  H,  is  the  total 
head  measured  from  the  fbrebay  above  the  main  to  tail-water  below  the  turbine. 

An  accurate  solution  of  these  three  equations  is  impossible,  and  Harta's 
method  of  attacking  the  problem  is  not  in  accordance  with  the  mathematical 
process  of  successive  approximation.  He  obtains  approximate  solutions  by 
neglecting  the  friction  term  {&7^),  and  the  governor  motion  (J.t.  the  third  of  the 
above  equations).  These  solutions  are  used  later  on  for  substitution  in  certain 
terms  of  the  accurate  equations,  but  these  substttuiions  are  not  effeaed  in  a 
lexical  manner. 

A  vety  carefiil  examination  of  the  method  leads  me  to  believe  that  it  is 
satisfiictory,  provided  that  |9p*,  does  not  exceed  oioH,  or  o'lSH,  If,  how-ever, 
^  (where  v,  represents  the  greater  o(  the  two  vek>cities)  be  a  large  fraction  of 
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H,  the  development  is  illogical.    This  opinioD  is  justified  by  the  fact  that  cases 
can  be  constructed  where  Harza's  equations  lead  to  results  which  are  bopcles^lT 

erroneous.     In  such  examples  -q-,  is  always  a  large  fraction. 

Harza's  equation  is  consequently  applicable  to  all  practical  cases.  In  tin 
of  our  present  small  experience  of  the  problems  concerning  water  towers,  tbe 
final  results  must  be  checked  by  the  arithmetical  process  already  gi\'en.     Thi^ 

checking  is  the  more  necessary,  the  greater  the  value  of  ^■ 

Subject  to  these  remarks,  let  us  assume  that : 

yw\%  the  first  minimax  value  of  y,  i.e.  the  value  oty,ax  tbe  crest  of  tbe 
first  surge  (in  the  case  of  a  decrease  in  load),  or  at  the  bottom  of  the  first  suck 
down  (in  the  case  of  an  increase  in  load)  that  occurs  after  the  change 
of  demand. 

Let  2„,  be  the  alteration  in  water  level  produced  by  this  first  surge,  or  firs: 
suck  down.     So  that : 

!!a=y„+^^  for  a  surge, 

s™=  —ym—^vi?  for  a  suck  down. 

Then,  Harza  {Trans.  Am.  Soc.  of  Mick.  Eng.,  vol.  30,  p.  478),  gives  tbe 
following  ; 

where  (as  is  indicated  by  the  sign  'nj),  the  right-hand  side  of  the  equation  is 
always  to  be  made  negative.    That  is  to  say  : 

vi?—v/*,  and  Vb—Vf,  are  to.be  taken  if  Wj,  be  greatdl'  than  V/, 

and  x'/^—vi?,  and  v/—vi„  if  w/,  be  greater  than  rv 

Now,  this  equation  can  be  used  to  determine  the  extreme  oscillations  of  the 
water  surface  in  the  water  tower,  as  follows  : 

(i)  Ascertain  the  greatest  height  to  which  the  water  rises  in  the  water  tower 
by  assuming  that  the  water  in  the  forebay  is  at  its  maximum  level,  and  con- 
sidering a  fraction  k  of  the  load  as  shut  off.  Thus,  take  Vb,  successively 
equal  to  v^,  o'gi'^,  o-iv,^  etc.,  and  V/,  therefore,  as  equal  to  (i  — i)f»,  (o'g— :f)r'«, 
etc.,  and  v/=o,  when  Vi,,  is  equal  to,  or  less  than  kvn-  Determine  the  values 
of  ffjR,  the  first  surge  up  for  each  case,  and  the  absolute  height  of  the  water 
level  which  is  then  attained  from  the  equation  :  yn-^Hm—^vi*. 

It  is  an  easy  matter  to  determine  the  absolute  maximuni  of>a. 

(ii)  Take  the  water  level  in  the  forebay  at  its  lowest  possible,  and  similariy 
calculate  the  sucks  down,  and  the  minimum  absolute  water  level.  The  only 
change  is  that  the  power  is  now  switched  on,  instead  of  being  cut  off,  so  that 
v/,  is  greater  than  Vb-  Thus,  e,  the  total  possible  oscillation  of  the  water  levd 
produced  in  a  tower  with  an  area  equal  to  F^,  is  determined. 

The  cost  of  a  lower  of  an  area  Fn  and  a  heigfat  e,  can  be  estiniated,  and  a 
new  area  F„  may  be  assumed,  and  the  new  e,  determined.  Consequently,  the 
dimensions  of  the  most  advantageous  tower  can  be  selected,  and  more  accurate 
values  of^„,  may  be  determined  for  this  tower  only  by  tbe  arithmetical  process. 

As  an  example,  take  : 

H*5o  feet,  /=5oo  feet,  F=503-  square  feet,  F„=4oa"4  square  feet, and 
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I'm =7  feet  per  second,  with  kv„-=-i  feet  per  second,  and  3 
case  of  a  shut  down.     We  have; 


Consider  the 


say,  where  v»— 3,  is  i 
The  tabulation  is 


1002=  — i'94]i'i,'  — 


■i39(7'b-i'6+3)  =  -P 


.. 

(*■.' 

^."■.-W 

5"07 

-49 

+  011 

4'93 

-36 

+  •■33 

4-8. 

-2'S 

+  S-31 

4-68 

-r6 

+  308 

4-45 

-0-9 

+  355 

,■96 

-0-4 

+  2-56 

1-47 

-01 

+  ••37 

Thus,  the  maximum  possible  level  of  the  water  is  about  3'55  feet  above  that 
in  the  forebay,  and  occurs  when  the  load  is  completely  shut  off  and  three- 
sevenths  of  the  power  was  previously  being  delivered. 

If,  on  the  other  hand,  we  assume  a  complete  shut  down,  i.e,  vi,=7,  and 
Vf=o,  we  get ; 

z=i2'i5  feet,    and_>'= 7-15  feet 


t  of  the  suck  downs  produced  by  sudden 


1  demand  is 


^. 

'' 

.. 

^' 

■'. 

0 

434 

4'4S 

^ 

-4-4S 

446 

4-68 

o-i 

-4-78 

3 

458 

4-8i 

o'4 

-S'li 

469 

4-93 

0-9 

-5-83 

4 

481 

3-<>7 

■  ■6 

-6-6, 

5 

S'6 

338 

"■S 

-S-88 

6 

164 

1-67 

3« 

-5-'7 

So  that  here  the  interval  near  V!,=4  feet  per  sec,  must  be  examined  more 
closely. 

According  to  Lamer  {Tra>ts-  Am.  Soc.  of  Meek.  Eng.,  voL  31,  p.  1 17X  the 
value  of  ^nui  obtained  by  Hana's  equation  may  differ  as  much  as  19,  or  even 
rj  per  cent,  from  the  truth,  and  is  usually  less  (on  the  average  5  per  cent,  less) 
than  the  truth.  It  therefore  becomes  necessary  to  find  some  method  of 
obtaining  a  value  which  s,  does  not  exceed. 
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This  is  done  as  follows  : 
Calculate  the  quantity; 

where  ^™,  is  derived  from  Hnna's  equation,  and  vj,  is  assumed  to  be  gneate: 
than  Tift. 

Then,  Johnson  and  l^mer  («/  suprdi  find  that : 

'■■-if/ 

is  always  greater  (on  an  average  12  per  cent,  greater)  than  «■  as  obtained  by 
the  arithmetical  method. 

If  v/,  be  substituted  for  Vi,  we  obtain  a  value  Sf,  which  is  always  )es» 
than  in- 

Lamer  has  further  developed  the  matter,  and  shows  that  if  we  substitute 
Vj—i/ft— R(V|— 7'i,)for  Vi,  in  the  above  equation,  we  get  a  value  of  r,  which 
rarely  departs  more  than  3  per  cent,  from  the  truth-  R,  is  determined  as 
follows  : 

Then,        jr*-6or+ 70237  (R-R*)=  - 1872 

These  last  three  expressions  are  purely  empirical,  and  consequently  have  no 
such  claims  to  reliability  as  MaiTa's  rules. 

In  actual  practice,  *,  the  fraction  of  the  load  which  is  suddenly  shut  off  or 
switched  on,  varies  from  005  to  020  in  American  examples.  The  Mtu^tal 
towers,  on  the  other  hand,  are  designed  for  i=o'So,  when  the  load  increases, 
and  ii=i'oo  in  the  case  of  a  shut  down. 

Differential  Water  Tower. — On  referring  to  the  first  of  the  tabulated 
examples,  it  will  be  noticed  that  the  oscillations  have  been  considerably  reduced 
by  the  widening  which  occurs  at  the  level  j'—o. 

Mathematically  speaking,  when  .f =Oi  ^  "''  tt'  '*  materially  reduced,  and 
in  the  case  under  consideration  ^—o,  happens  to  be  the  equilibrium  value  of  j". 

The  principle  thus  disclosed  may  be  applied  in  a  more  general  manner 
by  feeding  the  water  tower  with  a  properly  adjusted  auxiliary  supply  equal  to 
Qi,  cusecs.    We  then  have  the  following  equations  : 

di     F.    F„    f; 


=  -^,{y\-^^ 


Now,   if  we  could  adjus 


simultaneously,  the  oscillation  would  end  at  once ;  for  both  v,  and  y,  would 
then  reach  their  equilibrium  values,  and,  being  momentarily  steady,  would 
remain  so. 

The  above  adjustment,  however,  cannot  be  efiected,  and  dte  best  that  oa 

be  done  is  to  endeavour  to  make  ^  small,  when  ^,  is  also  small.    That  is  to 
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say,  the  first  time  that^,  is  close  to  —&v/,  ^  or  -<  should  be  made  as  small 
as  possible. 

Johnson  (u/  supra)  has  endeavoured  to  apply  this  principle.  He  separates 
the  water  tower  into  two  portions,  as  follows.  One,  the  ordinaty  water  tower 
communicating  directly  with  the  pipe,  and  the  other  a  riser  communicating  with 
the  ordinary  tower  by  means  of  constricted  orifices.  These  ports,  or  orifices, 
are  designed  so  that  they  can  deliver  a  quantity  of  water  represented  by  : 
Qt^Pivz—Vb)  cusecs 

under  a  head  Xm,  which  is  the  maximum  alteration  in  level  of  the  water  in  the 
ordinary  water  tower  (_i.e.  is  equivalent  to  s„,  in  Harza's  approximate  theory). 
This  he  assumes  as  occurring  when  v=Vf. 

So  far  as  I  understand  the  matter,  Johnson's  mathematical  assumptions 
are  incorrect,  although  the  equations  are  correct  if  the  assumptions  be  true. 
His  actual  practice,  however,  is  founded  on  the  results  of  arithmetical  work, 
and  is  consequently  far  less  likely  to  be  erroneous. 

The  practical  development  is  fairly  obvious.  Consider  the  second  example 
(p.  949) : 

When_)'=  — 22'3  feet,  v,  the  velocity  in  the  pipe,  is  only  479  feet  per  second, 
andin  consequence^,  continues  to  decrease.  Thus,  when  v,  has  its  correct  value, 
y,  is  too  great  negatively,  and  t',  and  j/,  continue  to  recede  from  their  equi- 
librium values.  Let  us,  however,  assume  that  when  _)-=— 22'3  feet=j'/,  a 
properly  adjusted  quantity  of  water  is  delivered  so  as  to  keep^  steady.  Then, 
when  T/,  attains  the  value  ly,  y,  still  retains  the  value  appropriate  to  steady 
motion  with  v=V/,  and  equilibrium  is  secured  without  any  further  oscillations. 

The  mathematical  development  of  the  motion  under  these  assumptions  is  as 
follows  : 

since ^,  is  assumed  to  remain  constant,  and  equal  tojSvp'. 

Hence,  — j —  ^=log,  ^  _y+a  constant 

and  the  total  quantity  of  water  that  must  be  supplied  to  the  tower  from  the  riser 
is  given  by  the  equation  : 

The  limits  for  both  integrations  are  given  by  ; 
»"=v»  and  v^Vy,  where  v^  is  the  value  of  v,  when  y,  first  becomes  equal  to 
Vf,  e.g.  i',"479  feet  per  second  in  the  example  above  referred  to. 

Thus,  the  time  before  equilibrium  is  actually  attained  is  theoretically 
infinite.  In  practice,  however,  we  cannot  arrange  so  as  to  deliver  the  variable 
quantity  Q,.  We  must  therefore  select  the  value  ol  y,  which  differs  slightly 
from  —&Vf*,  say: 

y/"  — (Swy'+one  foot,  say 
■  ~*'f*i  say- 
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We  can  then  calculate  T,  the  time  between  the  limits  vi/i^  and  v=u,  and 
A,  the  corresponding  total  quantity  of  water  which  is  delivered.  We  can  tbx 
arrive  at  the  size  of  the  riser  chamber,  and  estimate  the  head  under  which  th- 
delivery  orifices  work,  which  will  be  slightly  less  than  3(«p*— t^*).  The  sia 
of  these  ports  can  thus  be  determined,  and  a  preliminary  design  can  be 
arrived  at  for  the  riser.  The  exact  circumstances  of  the  motion  can  then  he 
arithmetically  investigated,  the  levels  in  the  water  tower  and  in  the  riser  bein^ 
determined,  and  the  accurate  ^'alue  of  Qg,  calculated  for  inlervaJs  of  say  ten 
seconds.  The  final  design  can  only  be  arrived  at  by  ascertaining  the  circum- 
stances in  this  manner  for  the  cases  which  produce  the  greatest  oscillations  in 
the  water  level  in  the  tower.     These  are  probably ; 

(i)  The  rejection  of  all  the  load,  when  the  load  is  k,  of  the  full  load. 

(ii)  The  switching  on  of  a  similar  fraction  of  the  load  when  (i— >()  of  the  full 
load  is  already  on. 

The  practical  results  obtained  by  this  method  have  not  as  yet  been  puMisbed. 
Johnson  speaks  very  highly  of  its  efficiency,  and  appears  to  consider  it  advisable 
in  all  cases.  He  also  states  that  F,p,  can  be  reduced  to  at  least  one  half  of  the 
required  area  in  an  ordinary  water  tower.  Trial  calculations  of  my  own 
confirm  this  statement,  but  they  also  indicate  that  the  oscillations,  while  never  so 
great  as  in  an  ordinary  water  tower,  are  by  no  means  so  small  as  is  assumed 
in  the  mathematical  theory.  For  this  reason  1  do  not  give  any  examples,  and 
1  consider  that  the  mathematical  theory  is  merely  a  rough  approximation. 
More  exact  rules  for  the  preliminary  design  of  the  riser,  are  greatly  to  be 
desired,  for  at  present  its  proper  proportioning  is  so  laborious  as  to  tender  the 
principle  almost  useless. 


Digilzed  by  Google 


CHAPTER  XVI 

CONCRETE,  IRONWORK  AND  ALLIED  HYDRAULIC 
CONSTRUCTION 

CoNCRBTB. — Standard  specificatioa  of  cement. 

TRBATMsfrroF  Cement. — Ait  slaking, 

Proportioniug  of  Concrete,— Fraciical  delinitions  of  Sand  and  A^i^ate — Dctermina- 

tioQ   of  the  void   spaces — Practical   proportioning  of  concrete — Results — Possible 

exceptions — Effect  of  fineness  of  the  cement — Coaise  and  fine  sands. 
Miadnf  of  GrMiutu  Sub»t«iicei.— Theoty— Feret's  tests— Fuller  and  Thompson's 

investigations — Genera!  rules — Impermeability — Definilion  of"  Sand  "and  "  Stone" 

— Sizing  curve — Removal  of  medium  siie  "Sand,"  and  medium  size  "Stone" — 

Pnctical  eicamples— Effect  of  artificially  drying  the  raateiiaJs, 
Skiid. — Specification — Tesls — Ciiticisni — WoshiEig — Clay  and  vegetable  loam — Alkaline 

salts  in  sand  and  water— Eifect  on  permeable  concrete. 
Aggregate. — Chemically  detrimental  substances^Limesione  aggregates. 
CoNCRETB. — Machine  and  hand  mixing — Tests — Specification — Methods  of  deposilion 

— Wet   and   dry  concrete— Deacon's    plastic    concrete — Ramming— "  Plums,"   or 

displacers — Wet  concrete. 
SHUTTsmna.—Slresxs  produced  by  concrete— St iffeners— Design  of  framing— Shee ling. 
Renderinsf.— Specification— Critic  ism —Other  methods   of  obtaining  an   hydraulically 

smooth  &ce^Facing  of  concrete— Working  against  shuttering — Bticktrork  facing — 

Removal  of  cement  by  brushing  or  by  washes. 
Expansion  Joints. — Asphalle  or  bitumen— Reiaforcenlent  with  steel. 
Grouting  with  Cement. — Specific  gravity  and   properties   of  grout — "Laitance" — 

Repairs  by  grouting — Delta  barrage — Pressures  produced— Construction  by  grouting 

— Weirs  below  the  Delta  barrage — Failure  of  the  process — Percentage  of  cement 

used— Methods  of  economising  cement. 
Artificial  Methods  op  producing  Impermeable  Mortar. — Sylvester  process — 

Gaines'  alum  and  clay  process. 
Mktaluc  CONSTRWCTiON   AS   APPLiBO  TO   THE  CONTROL  OF   Watbb.  —  General 

conditions^oints. 
GctMETBl  Deiign.— Deflection   of  metallic  structures- Rules  for  Design — Streogth  of 

structures — Working  stresses — Bearing  pressures — Roller  bearings— Ball  bearings, 

not  advisable. 
SpeciAt  Caaet. — Worm  gearing— Stanching  rods — Plating — Rules  for  joint  rivetting — 

Deflection  and  strength — Deflection  of  a  trussed  frame. 
Water  Toweri.— ^Jeneral  investigation  of  stresses  in  the  external  plating— Supporting 

Concrete.— The  following  discussion  is  almost  entirely  concerned  with 
impermeable  concrete.  The  question  of  obtaining  the  strongest  concrete 
(under  either  tensile  or  compressive  stresses)  does  not  in  reality  greatly  cooceiii 
the  hydtaaltc  en^neer.  So  far  as  our  knowledge  goes,  the  mixture  which 
produces  the  most  impermeable  concrete  does  not  greatly  differ  from  that 
which  produces  the  strongest  concrete.  If  in  any  particular  case  the  difference 
should  prOTe  to  be  niarked,  it  is  doubtful  whether  the  adoption  of  the  strongest 
mixture  can  be  justi&ed,  for  it  is  uncertain  whether  concrete  which  is  markedly 
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permeable  by  water  will  not  rapidly  lose  strength  through  the  removal  of  tk 
cementing  material  by  solution  in  the  percolating  water. 

1  do  not  propose  to  enter  into  such  questions  as  the  manufacture,  composi- 
tion, or  specification  of  Portland  cement.  These  matters  have  now  beea 
reduced  to  standards,  and,  except  in  the  case  of  very  large  ordeis,  ah  eaginee: 
cannot  (at  any  reasonable  price)  force  his  awn  particular  ideas  on  the  macii- 
facturer.  Speaking  as  one  who  saw  a  great  deal  of  the  final  results  <d  the 
older  method,  where  the  consultant  specified,  and  the  manufacturers  producec 
a  more  or  less  close  approximation,  I  regard  the  present  practice  as  more 
likely  to  give  good  results,  even  when  (as  was  the  case  in  several  works  1 
was  employed  on)  the  consultant  had  a  thorough  practical  knowledge  of  the 
manufacture  of  cement,  and  knew  both  what  he  really  required  and  bow  to 
manufacture  it.  When  contrasted  with  the  usual  circumstances  of  a  "  scissots 
and  paste"  specification,  accompanied  by  hearsay  knowledge  of  manulactaiiDg 
processes,  there  can  be  no  comparison  whatsoever. 

The  matters  which  the  engineer  should  control  are  the  treatment  of  cemen: 
after  its  reception,  the  proportioning  of  the  quantities  of  cement,  sand,  and 
gravel  that  go  to  form  the  concrete,  and  the  specification  and  enforcement  erf 
the  processes  comprised  in  the  term  "mixing  of  concrete." 

Treatment  of  Cement, — This  depends  greatly  on  the  quality  of  the 
cement.  The  cements  of  the  period  1690-1903,  contained  "particles  of  free 
lime,"  or  at  any  rate  were  improved  by  being  exposed  (under  cover  from  rain], 
in  layers  6  inches  to  9  inches  deep,  and  turned  over  twice  or  thrice  in  a  period 
of  a  month  to  six  weeks.  This  process  was  termed  "air  slaking,"  and  is  stili 
practised  in  many  cases.  I  believe  that  air  slaking  is  less  necessary  now  that 
cements  are  ground  so  much  more  finely  than  in  former  years.  It  is  also 
extremely  doubtful  whether  air  slaking  may  not  be  injurious  to  a  very  finely 
ground  rotary  kiln  cement. 

At  present  the  practical  effect  is  that  air  slaking  should  be  considered  for 
cement  which  is  made  close  to  the  place  where  it  is  used,  and  the  advice  of 
the  makers  (or  better  still,  of  the  analyst  and  tester,  if  such  are  retained)  should 
be  taken,  and  confirmed  by  tests  of  its  expansion  after  setting.  If  centent  is 
used  after  a  sea  voyage  (imported  cement)  air  slaking  is  not  usually  necessary, 
but  samples  should  be  tested.  I  may  state  that  I  have  bad  experience  of  tliree 
cases  of  sea-borne  cement  which  appeared  to  have  been  deteriorated  by  air 
slaking.  Each  sample,  however,  was  the  product  of  a  newly  started  rotarj- 
kiln,  and  such  occurrences  are  consequently  less  probable  nowadays.  The 
whole  question  has  been  very  carefully  investigated  by  Bamber  {PJ.C^., 
vol.  1S3,  p.  85),  and  it  would  appear  that  the  above  opinions  concerning  the 
inutility  of  air  slaking  are,  if  anything,  not  sufficiently  severe.  If  tensile  tests 
alone  are  relied  upon,  the  process  always  appears  useless,  and  is  sometimes 
detrimental.  So  far  as  my  experience  goes,  modem  cements,  when  they  £ajl 
to  confoim  to  the  Institution  of  Civil  Engineers  or  British  Standard  Specifica- 
tion, usually  fail  only  by  not  being  sufficiently  finely  ground,  and  this  test 
should  always  be  applied  first. 

Proportioning  of  Concrete.-^Concrete  consists  of  Portland  cement,  sand, 
and  a^regate,  by  which  last  term  is  meant  the  larger  non-cementing  material, 
stones,  broken  bricks,  gravel,  cinders,  slag,  etc. 

We  may  consider  sand  as  comprising  the  non-cementing  ntaterial  that 
passes  a  sieve  of  four  or  eight  meshes  per  lineal  inch,  according  to  the  quality 
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of   the  available  raw  material.    Aggr^ate  is  the  material  vhich  is  larger 
than  this  size. 

In  practice,  it  is  frequently  found  that  sand  and  aggregate  occur  in  Nature 
mixed  U^etber,  and  it  is  more  convenient  to  make  the  concrete  by  adding 
cement  to  the  unseparated  mixture.  In  the  following  discussions  of  the  pro- 
portioning of  concrete  mixtures,  I  therefore  use  the  term  sand  for  whatever 
the  engineers  propose  to  use  as  sand,  and  aggregate  for  whatever  it  is  proposed 
to  use  as  aggregate.  A  very  varied  experience  has  led  me  to  believe  that 
there  are  very  few,  if  any,  circumstances  where  the  ratio  of  the  cost  of  cement 
to  that  of  properly  separating  the  materials,  is  such  that  a  considerable 
economy  in  cost  cannot  be  obtained  by  separating  the  raw  excavated  materials 
and  carefully  proportioning  the  mixture.  The  only  exceptions  are  cases  where 
it  is  desired  to  fill  a  small  cavity  with  firm  material,  very  weak  concrete  (made 
with  material  excavated  from  the  cavity)  being  used ;  and,  even  under  such 
conditions,  it  is  only  the  cost  of  bringing  the  sieves  and  grading  apparatus 
to  the  site  that  turns  the  scale. 

The  correct  method  of  proportioning  concrete  entirely  depends  upon  the 
voids  existing  in  the  sand,  the  aggregate,  and  the  cement  itself.  These  are 
best  determined  as  follows  : 

(n)  Cemtnt. — Take  a  measured  bulk  of  cement,  mix  with  water  so  as  to  form 
a  paste,  and  measure  the  bulk  of  the  paste.  This  will  usually  be  between  o'8o, 
and  o'9D  of  the  bulk  of  the  cement.  I  propose  to  assume  085  as  a  mean  value. 
In  practice,  the  engineer  should  consider  whether  he  proposes  to  employ  a 
very  wet  or  very  dry  mixture  for  concrete,  and  should  proportion  the  amount 
of  water  added  accordingly.  He  should  remember  that  if  a  very  wet  concrete 
mixture  is  employed,  the  figure  obtained  for  the  bulk  of  mortar  in  a  small  scale 
experiment  will  probably  be  slightly  below  the  truth,  when  contrasted  with 
that  obtained  on  the  quantity  of  cement  used  in  making  a  batch  of  concrete. 
For  example,  in  my  own  experiments  I  have  obtained  0*84,  using  1000  c.c  (say 
60  cube  inches)  of  cement,  and  afterwards  found  from  0*85  to  o-86  wben  using 
7  cube  feet  of  cement. 

The  following  table  shows  the  effect  of  varying  percentages  of  water  on  the 
final  volume  of  the  resulting  compacted  paste,  as  found  by  Fuller  and 
Thompson  {Trans.  Am.  Soc.  cf  C.E.,  vol.  59,  p.  67)  in  small  scale  experiments, 
on  300  grammes  (say  13  cube  inches)  of  pure  cement; 

Volume  of  Paste 


Thus,  in  small  scale  experiments,  the  wetness  of  the  paste  has  a  considerable 
influence  on  the  results  obtained.    The  cf^t  is  less  marked  in  practical  trials 
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on  a  tar){e  scale,  since  the  pennissibie  variations  in  the  percentage  of  water  kk 

not  so  marked,  but  it  must  nevertheless  be  allowed  for. 

It  is  also  advisable  to  note  that  if  small  measuring  vessels,  such  as  xxa 
tubes,  are  used,  the  cement  or  sand  may  pack  abnormally,  and  appear  more 
bulky  than  when  tested  in  larger  vessels.  It  is  therefore  as  well  to  work  s:tb 
at  least  ya  cube  inches  of  material,  and  to  use  vessels  at  least  3  incfacs  is 
diameter.  Tliese  diificulties  are  avoided  by  working  by  weight  (as  Fuller  and 
Thompson  did)  and  not  by  volume.  1  recommend  volume  workiag  for  the 
trial  proportioning,  simply  because  the  cement,  sand,  and  aggregate,  will  be 
measured  by  volume  when  the  concrete  mixture  is  deposited.  Thus,  jo 
practice,  it  is  advisable  to  weigh  a  cube  foot  each  of  cement,  saiHl,  aod 
aggregate,  before  determiniDg  the  voids,  so  that  any  error  caused  by  abaonnaJ 
packing  can  be  detected. 

{b)  .^ortrf,— Take  the  sand  as  it  will  be  used  (not  anificially  dried),  pour  a 
known  bulk  inio  a  water-tight  vessel,  and  fill  in  waier  from  a  graduated  glass, 
until  the  waterjuat  appears  over  the  top  of  the  sand.  The  shrinkage  of  Ibe 
sand  which  occurs  in  welting  should  be  disregarded,  and  the  volume  ot  water 
used  should  be  taken  as  the  voids  in  the  original  bulk.  The  figure  obtaioed 
varies  considerably.  1  have  found  figures  as  low  as  o'sj  on  extremely  fine  aad 
somewhat  dirty  sands,  such  as  occur  in  the  Punjab.  Sands  freshly  dredged 
from  the  sea,  or  from  rivers  (where  the  finer  particles  have  been  removed  by 
the  action  of  currents),  show  figures  as  high  as  048  or  o'so,  the  usual  value 
being  between  0*3;  and  o'4j.     I  propose  to  assume  o'40  as  an  average. 

(c)  Aggrtgate.—K  sand  of  which  the  individual  grfuns  are  markedly  porous 
should  be  considered  as  unfit  for  making  good  concrete.  Porous  aggregates 
are  often  employed,  but  I  doubt  whether  they  ever  make  really  first  class  im- 
permeable concrete.  Their  use,  however,  is  quife  justified  in  circumstaaces 
where  bulk,  rather  than  strength,  is  desirable,  («^.  for  partition  walls,  or  for 
filling  up  cavities  where  percolation  can  be  disregarded).  Therefore,  if  the 
aggregate  is  porous,  it  should  first  be  wetted  and  allowed  to  absorb  all  the 
water  possible  ;  then  freed  from  the  visible  water,  and  tested  for  voids,  jost  as 
the  sand  was.  Aggregate  being  an  artificial  material  (in  a  sense  that  sand  is 
not),  the  voids  are  even  more  variable  than  in  the  case  of  sand,  and  the  method 
of  filling  employed  in  practice  should  be  closely  followed.  For  example,  a 
difference  of  3,  or  4  per  cent,  in  the  voids  may  be  caused  merely  by  carting 
over  a  rough  road,  or  by  carriage  by  rail.  What  we  wish  to  ascertain  is  the 
voids  as  they  exist  In  the  aggregate,  when  measured  by  the  workmen  in  pre- 
paring the  concrete.     1  assume  0-35  for  calculatioiis. 

A  very  close  approximation  to  the  mixture  which  produces  the  densest,  and 
therefore  the  least  permeable  Concrete,  can  be  obtained  by  the  followinij 
method. 

The  cement  paste  should  fill  the  voids  in  the  sand,  and  the  mortar  thus 
obtained  should  fill  the  voids  in  the  aggregate.  As  a  rule,  an  excess  of 
10  per  cent,  is  allowed  in  each  case,  in  order  to  compensate  for  irregularities  in 
mixing. 

Thus,  take  the  assumed  0*40  of  voids  in  sand.  We  require  o'4o(i'io)= 
0'44  of  cement  paste.  Thus,  1  part  of  cement  (producing  0*85  parts  of  paste) 
(ills  the  voids  in  .  =<i-gj,  say  z  parts,  of  sand,  and  presumably  makes 
.3(1— o'4o)-l-0'8j'=i'os  P^rts  of  mortar. 
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Tbe,yoiids  in  t  part  of  aggiegate  a 
that  2-05  parts  of  mortar  fill  the  voids 


ir,  adding  10  per  cent,  o'38,  so 
5-04,  say  s  parts  of  aggregate. 

The  proportion  which  just  prodnces  "  no  voids  "  is,  therefore  : 
I  cement :  1*93  sand  :  5*04  aggregate  ; 
or  dose  enough  to  i  cement  :  3  sand  :  5  aggregate. 

The  following  figures  indicate  the  bulk  of  the  ingredients,  and  of  the  wet 
concrete  when  propo^'tioned  by  these  principles.  The  cement  passed  a  speci- 
fication of  not  more  than  7  per  cent,  residue,  on  a  sieve  of  5776  holes  per  square 
inch,  and  passed  entirely  through  a  sieve  of  1600  holes  per  square  inch. 
The  aggregate  and  sand  were  procured  from  good  Thames  ballast  by  sifting 
through  a  sieve  of  4  meshes  per  linear  inch,  i.e.  say  o'lS  inch  size.  All  above 
being  aggregate,  and  all  below,  sand. 


Proportioning    . 

Cement 
9-37 

Sand. 

Cube  Feet. 
Aggregate. 

T«h.l                  Wet 
^'"^-      '    Concrete. 

1 

Excess  of  cement 
Deficiency  of     J 

10-64 

28-00 

4801     1      36'36 

7 

'    7 

7 

7 

7  ■ 
7 

,    10-50 
lO'OO 

10-80 

ro-So 
lo'So 

28-40 
28-00 
28-00 
s8-oo 
28-00 
»8'oo 

46-50    1      32-30 
45-50    1      3'-'S 
45-00          30-80 
45Jo           34-IO 
45-80           33-80     - 
45-80    1      34-00 

7 

I3'3 

ID-8 

3S"90 

28'00 

56-2       1      41-2 
42-3            333 

The  contrast  between  a  properly  proportioned  mixture,  and  one  containing 
an  excess  or  deficiency  of  cement,  or  sand,  is  very  marked.  In  the  first  class  the 
total  volume  of  wet  concrete  exceeds  that  of  the  aggregate  by  about  17  percent, 
on  the  average,  while  in  the  others  the  excess  is  rarely  less  than  30  p>er  cent. 
The  contrast  would  be  even  more  marked  were  it  not  that  the  volume  of  sand 
in  each  of  these  mixtures  had  been  experimentally  proportioned  so  as  to  secure 
35  small  a  percentage  of  voids  as  was  possible  consistent  with  the  general  ratio 
of  cement  to  aggregate.  Also,  the  last  three  cases  of  the  properly  proportioned 
concrete  are  in  reality  somewhat  misleading,  since  the  properties  of  the  sand 
bad  changed  to  such  a  degree  as  to  necessitate  a  slight  alteration  in  the  pro- 
portions. In  practice,  the  new  proportions  were  ordered  wherever'38  cube  feet 
of  aggregate  (with  the  sand  and  cement)  produced  a  volume  of  wet  concrete  in 
excess  of  33"6o  cube  feet,  {i.e.  20  per  cent  excess).  The  figures,  however,  show 
the  results  attained  under  somewhat  carcAil  supervision,  and  are  therefore  moiv 
useful  than  an  enumeration  of  laboratory  tests. 

The  following  figures  are  the  average  remits  of  some  too  large  scale  tests 
on  "  bankers,"  of  roughly  i  cnbe  yard  capacity.  Smce  they  include  many  cases 
6t 
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where  the  mixtures  are  known  to  be  only  roughly  proportioned  for  fninimom 
voids,  it  is  desirable  to  check  them  at  the  first  opportunit)'.  1  find  the  figures 
useful  in  preliminary  estimates,  and  if  confined  to  such  purposes  they  win  dm 
prove  misleading. 


A  Mixture  by  Volume  of 

Produces 

Set  Concrete 

Cement 

Put*. 

Sand 
Part*. 

A^te 

P«rts. 

li 

4 

4-6        ; 

3 

4 

4'5               1 

6 

6-6 

4 

8 

8-9 

' 

10 

"•as        1 

The  method  seems  to  deserve  careful  criticism.  In  the  first  place,  the 
experience  upon  which  it  was  founded  is  largely  based  on  cement  which  would 
now  be  considered  as  extremely  coarsely  ground.  Thus,  in  i88a^  Grant 
{P.I.C.E.,  vol.  63,  p.  lol),  states  that  15  to  37  per  cent,  of  good  English 
Portland  cement  was  retained  in  a  sieve  of  3500  holes  per  square  inch. 

In  1891,  Carey  {P.I.C.E.,  vol.  107,  p.  47),  whose  ideas  on  this  sutijccl  were 
very  advanced,  used  cement  giving  a  residue  of  9  per  cent,  on  such  a  sieve 

In  1897,  Butler  (A/.C^T  vol.  133,  p.  346),  gave  the  following  percentages 
or  the  residues  found  in  actual  samples  : 


Number  of  Holes  per  Squue  Inch. 

32,400 

5776    j     3500 

F. 
G. 
H. 

33 

16     ;     4 

30      1      a 

II         1         4 

I. 

39 

'5        1        3-5 

The  British  Standard  Specification  (1910)  it  as  follows : 

"  Residue  on  a  sieve  of  5776  holes  per  square  inch  not  to  exceed  3  per 
cent.,  and  on  a  32,400  hole  sieve  not  to  exceed  18  per  cent. 

American  Portland  cement  is  probably  equally  finely  ground.  Typical 
figures  in  1905,  for  the  residue  on  a  sieve  with  40,000  boles  per  square  inch,  are 
from  31  to  36  per  cent.,  with  an  average  of  387  per  cent.  These  figures  cannot 
be  considered  as  indicating  the  whole  diffierence  that  has  occurred  in  the  last 
twenty  years,  since  even  more  finely  ground  cements  are  now  piocuraUe  and 
at  no  very  gntat  increase  in  cost. 
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The  sands  usually  employed  in  Great  Britain  and  the  Eastern  United  States 
are  coarse  in  comparison  with  those  commonly  found  in  the  vast  alluvial  plains 
characteristic  of  India,  and  the  Middle  United  States.  Consequently,  I  con- 
sider that  the  assumption  that  o'S;  of  cement  paste,  and  2(1— o'4o)  of  sand, 
always  works  out  at  2*05  of  mortar,  needs  experimental  checking. 

As  a  matter  of  fact,  the  relation  does  hold  to  about  ±  3  per  cent  of  difference 
(which  is  approximately  equal  to  the  possible  error  in  the  large  scale  measure- 
ments) with  finely  ground  cement  and  coarse  sand. 

I  have  found  an  increase  in  bulk  of  about  4  per  cent,  in  the  case  of  a  some- 
what coarsely  ground  cement  and  fine  sand,  which,  I  believe,  is  beyond  any 
possibility  of  error.  With,  very  fine  sand  (30  per  cent,  passing  a  100  mesh 
sieve),  and  British  Standard  cement,  I  have  sometimes  found  a  shrinkage  of 
5  per  cent.  I  therefore  consider  that  at  present  it  is  well  worth  while  to  test  the 
mortar  carefully,  and  to  make  sure  that  its  bulk  does  not  differ  from  that  shown 
by  the  calculation.  Should  the  resulting  bulk  differ  materially,  the  discrepancy 
must  be  allowed  for,  and  a  series  of  trial  mixtures  of  sand  and  cement  should  b« 
made  up,  in  order  to  select  that  which  produces  the  densest  mortar. 

The  fact  that  such  differences  may  occur  renders  it  somewhat  doubtful 
whether  the  process  given  above  is  applicable  in  every  case.  It  would  appear 
that  where  the  larger  particles  of  the  cement  are  of  approximately  the  same 
size  as  the  smaller  particles  of  sand,  the  resulting  inixture  is  very  close  to  the 
densest  possible.  If  there  is  a  marked  gap  in  the  sizes  of  particles  contained  in 
the  mixture  of  sand  and  cement,  so  that  very  few  particles  of;  let  us  say,  sJ-oth  of 
an  inch  in  diameter,  exist,  the  theory  may  require  modification.  At  any  rate,  it 
is  always  as  well  to  investigate  the  bulk  of  mortar  produced,  and,  if  necessary, 
to  modify  the  proportions  of  cement  and  sand,  so  as  to  get  a  denser  mortar 


It  will  also  be  plain  that  this  method  may  lead  to  a  somewhat  peculiar 
proportioning  of  the  materials.  For  instance,  let  us  assume  that  the  aggregate, 
instead  of  being  almost  entirely  composed  of  particles  exceeding  a  quarlxr  of 
an  inch  in  size,  is  "run  of  the  breaker"  stone,  containing  an  appreciable  propor- 
tion of  stone  dust.  If  this  does  not  materially  exceed  say  10  to  15  per  cenL  of 
the  whole  volume  of  aggregate,  the  effect  will  be  to  diminish  the  percentage  of 
voids  in  the  aggregate,  and  therefore  the  amount  of  mortar  used  ;  whereas,  if 
this  stone  dust  was  screened  out,  and  was  added  to  the  sand,  an  additional 
quantity  of  cement  would  be  required  to  fill  the  voids  in  the  screened  dust.  ■  It 
is  therefore  desirable  to  consider  the  problem  apart  from  any  practical  classifica- 
tion of  the  raw  materials. 

Hixiiig  of  Grmnular  Snbstances.— The  rules  now  discussed  are  at  first  sight 
somewhat  meaningless,  but  their  physical  basis  becomes  clearer  when  it  is 
realised  that  they  merely  express  the  methods  by  which  the  closest  possible 
packing  of  the  individual  particles  of  the  mixture  of  cement,  sand,  and 
aggregate,  which  makes  up  the  concrete,  may  be  obtained. 

For  simplicity,  consider  a  granular  substance  composed  of  rigid  spherical 
particles  only.  If  all  the  panicles  are  of  the  same  size,  we  obtain  a  material 
which  (absolute  dimensions  being  neglected)  may  be  compared  to  a  number  of 
billiard  balls.  If  these  balls  are  piled  together  in  cubical  order,  so  that  the 
centres  of  each  eight  adjacent  balls  Me  at  the  angles  of  a  cube,  it  will  be  found 

thai  the  volume  occupied  by  the  ivory  of  the  balls  is  ~  so'53  of  the  total  space, 
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and  0'4S  of  the  total  space  is  occupied  only  by  air.     A  Utde 
show  that  since  the  length  of  the  diagonal  of  a  cube  is  : 
•jye  length  of  side, 

a  smaller  ball,  of  a  diameter  equal  to    -^ — =0-366  diameter  of  the  origiul 

balls,  might  be  fitted  into  the  void  space  existing  betxveen  each  eight  adjafcn 
balls.  There  being  one  such  void  space  for  each  one  of  the  original  balls,  an 
extra  portion  of  the  original  space,  amounting  to  (o-366)»,  ran  be  filled  up  with 
ivory  ;  so  that  a  packing  of  balls  of  unit  diameter,  with  an  equal  number  of  balls 
the  diameter  of  which  is  0366  units,  will  produce  a  space  containing  0*52  +o'o4q 
■»o'57  of  ivory,  and  043  of  air.  And,  plainly,  if  the  smaller  balls  arc  of  greater 
diameter  than  o'366,  or  are  more  numerous  than  the  original  balls,  the  packing 
cannot  be  made  as  close  ;  and  if  smaller  than  0*36;,  or  less  numerous,  some 
voids  which  could  be  filled  will  remain  unfilled. 

Thus,  adopting  a  regular  cubical  packing,  we  can  lake  a  bulk  of  100  cube 
feet  of  billiard  balls,  containing  S^  cube  feet  of  ivory,  and  48  cube  feet  of  air : 
and  also  a  bulk  of  about  9'4  cube  feet  of  smaller  balls,  each  with  a  radius  equal 
to  0*366  of  the  radius  of  the  larger  balls,  and  containing  4*9  cube  feet  of  ivory 
and  4'5  cube  feet  of  air.  On  packing  the  mived  balls  regularty  in  order  we 
obtain  a  bulk  of  100  cube  feet  of  the  mixture,  containing  56*9  cube  feet  of  ivor^-. 
The  process  can  be  described  as  mixing  10  volumes  of  grains  of  unit  diameter 
with  I  volume  of  grains,  the  diameter  of  which  is  approximately  one-third  of  a 
unit,  and  obtaining  10  volumes  of  a  denser  mixture  with  0*43  voids,  in  place  of 
1 1  volutnes  of  less  dense  unmixed  substances  containing  0*48  voids. 

The  example  is  selected  because  a  model  is  easily  constructed,  and  the 
purely  gcometncal  difficulties  are  not  great  It  is  otherwise  somewhat  mis- 
leading. As  a  matter  of  fact,  the  closest  packing  of  a  set  of  spheres  of  equal 
site  is  obt^ned  when  a  regular  tetrahedron  is  taken  as  the  basis  of  arrange- 
ment 1  am  unable  to  prove,  or,  to  discover  a  proof  which  shows  that  this  is 
absolutely  the  closest  possible  packing;  but,  assuming  that  the  statement  is 
correct,  we  find  that : 

The  volume  of  ivory= — jt— —074  of  the  total  volume. 

The  volume  of  air=o'26  of  the  total  volume. 

The  diameter  of  the  smaller  spheres  which  can  just  be  fitted  into  the  inter- 
stices^o'325  of  the  diameter  of  the  original  spheres. 

The  extra  volume  of  ivory  thus  filled  in=o'oi  i  of  the  original  volume. 

The  volume  of  the  space  occupied  by  these  smaller  balls  before  nuKture 
BO'Oi;  of  the  space  occupied  by  the  larger  balls. 

Thus,  the  process  is  expressed  by  mixing  60  volumes  of  spheres  of  unit 
diameter  with  slightly  less  than  i  volume  of  spheres  of  about  o'si  diameter,  in 
order  to  obtain  60  volumes  of  mixture  with  24*9  per  cent  of  voids,  in  place  of 
61  volumes  of  unmixed  material  with  26  per  cent  of  voids. 

The  granular  substances  used  in  practice  are  not  made  up  of  spherical 
grains,  nor  are  the  individual  grains  of  uniform  diameter,  but  the  figuics 
already  given  show  that  void  spaces  exist.  The  practical  lest  of  pouring  dry 
sand  into  a  bucket  "  full "  of  road  metal,  will  at  once  dispel  any  doubts  cm- 
ceming  the  possibility  of  making  a  denser  substance  by  mixing  two  granular 
substances  of  difierent  size  of  grain.    The    figures  arrived  at  in  the  two 
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examplbt  considered  above  wiU  also  serve  to  show  the  general  principles.  The 
mean  sixes  of  the  two  substances  must  not  be  too  close  together ;  and  any 
admixture  of  grains,  say  one  half  the  diameter  of  the  larger  grains,  is  certainly 
uaelesS)  and  may  be  detrimental. 

A  practical  example  is  afforded  by  the  tests  of  Ferct  (A.P.C.,  July  1892). 

The  dust  produced  by  crushing  Chcrbotirg  quartzite  was  siied  iiAo  three 
classes.  ' 

G,  containing  grains  which  passed  a  sieve  of  4  meshes  per  square  cm.,  (i^. 
lougbly  10  mesh  per  lineal  inch),  and  which  were  retained  by  a  sieve  of  36 
methes  per  square  cm.,  (i;  mesh  per  lineal  inch)  (approximately  from  o'20  to 
o'o6  inch  in  diameter). 

M,  passing  a  36  mesh  sieve,  and  retained  on  a  324'  mesh  (or  36  m^hes  per 
lineal  inch)  sieve  (approximately  ^m  O'o6  to  o'oa  inch  in  diameter). 

F,  passing  a  324  mesh  sieve  (approximately  all  grains  less  than  o'02  iiicti 
in  diameter). 

Each  of  these  "sands"  cont^ned  about  50  per  cent  of  voids. 

The  three  substances  were  then  systematically  mixed  in  various 
proponioBs. 

Tlie  densest  mixture  was  0-6  G,  to  0-4  F,  with  about  36  per  cent,  of  voids. 
No  mixture  of  F,  and  M,  only,  bad  less  than  43  per  cent,  of  voids ;  and  no 
mixture  of  G,  and  M,  only,  had  less  than  47  per  cent,  of  voids. 

Similar  information  could  be  collected  from  many  sources ;  and,  as  will 
be  seen  later,  the  exact  figures  concerning  the  proportions  which  produae  the 
densest  mixture,  and  the  voids  in  the  individual  materials,  and  the  various 
mixtures,  are  very  variable. 

The  general  results  are,  however,  quite  in  accordance  with  the  hints  afforded 
by  the  mathematical  theory.  Roughly  speaking,  taking  the  average  size  of  a 
cement  grain  as  unit,  the  densest  mixture  is  obtained  by  selecting  sand  grains 
of  sixes,  say,  4  and  16  times  this  unit  size  ;  and  the  stones  of  sizes,  say,  64  and 
356  times  this  unit  size.  It  is  obvious  that  this  siting  (if  the  bulk  proportions 
are  properly  selected)  secures  a  dense  "  sand,'  and  a  dense  "  stone  "  ;  and  that 
the  cement  should  pack  nicely  inside  tlie  sand,  and  the  sand  inside  the  stone. 

This  aspect  of  the  .question  has  been  investigated  by  Fuller  and  Thompson 
(Trans.  Am.  Soc.  of  C.E.,  vol.  59,  p.  67),  who  regard  the  cement,  sand,  and 
agg*«P"e  as  gradu&ttng  one  into  the  other,  ho  that  when  they  speak  of  particles 
less  than  0*003  '"^^h  i°  diameter,  both  particles  of  sand  and  cement  are 
inclnded.  iiitnilarly,  a  few  of  the  larger  grains  of  cement  may  be  included  in 
the  SIM  exceeding  O'oi  ins.  in  diameter. 

The  principles  now  set  forth  refer  to  all  concrete  mixtures,  but  the  actual 
figures  are  probably  only  applicable  to  sands  and  aggregates  that  do  not  differ 
gttan\y  as  regards  the  general  size  and  shape  of  grains  from  those  used  in  the 
experiments.  The  experiments  show  that  a  substitution  of  angular  aggregate 
and  angular  sand,  for  round  aggregate  and  round  grained  sand,  can  alter  the 
proportions  of  the  best  mixtures  to  the  extent  of  5,  or  even  10  per  cent. 

The  following  conclusions  are,  however,  generally  confirmed  by  the  experi- 
ments of  Feret  (although  the  details  are  possibly  subject  to  certain  exceptions), 
and  may  be  considered  as  a  basis  for  special  tests  in  any  given  case. 

(i)  A  mixture  in  which  the  particles  have  been  graded  so  as  to  give  a 
concrete  of  great  density  when  water  and  cement  are  added,  produces  a 
soncrcte  of  greater  comprastivt  strength  thaA  a  mixture  containing  the  sama 
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proportions  of  cement  and  natural  materials,  ((>.  sand  and  i^gregatc)!,  bat 
which  yields  a  less  dense  concrete,  owing  to  a  less  favourable  gradii%  of  ibe 
sixes  of  the  particles. 

(ii)  The  density  (and  usually  the  strength)  of  concrete  is  afiected  he 
slightly,  if  at  ail,  by  decreasing  the  quantity  of  medium  size  stone  in  ik 
aggregate,  and  increasing  the  quantity  of  coarsest  size  stone.  An  excess  a 
medium  size  stone  appreciably  decreases  the  density  and   strength   of  the 

(iii)  Variations  in  the  size  of  the  sand  particles  have  more  eiTect  on  the 
strength  and  den»ly  of  the  concrete,  than  variations  in  the  size  of  tbe  stoce 
particles. 

(iv)  An  excess  ctf  fine,  or  medium  sand,  decreases  the  density,  and  also  ihf 
strength  of  the  concrete ;  and,  where  the  proportion  of  cement  is  small,  i 
deficiency  in  sand  of  fine  size  has  the  same  effect 

(v)  The  substitution  of  cement  far  fine  sand  does  ntrt  affect  the  density  of  the 
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mixture,  but  increases  the  strength,  although  in  a  slightly  smaller  ratio  than 
the  increase  in  the  proportion  of  cement. 

(vi)  The  correct  proportioning  of  concrete  as  regards  impermeability  con- 
sists in  finding  (with  any  given  percentage  of  cement)  the  concrete  mixture 
possessing  a  maximum  density.  The  requisite  strength  is  secured  by  an 
increase  or  decrease  of  the  cement  (thus,  in  effect,  substituting  cement  for  the 
finer  particles  of  the  sand).  * 

(vii)  With  a  given  sand  and  stone,  and  a  given  percentage  of  cement,  the 
densest  and  strongest  mixture  is  attained  when  the  volume  of  the  mixtm«  of 
sand,  cement,  and  water,  is  such  that  it  just  lills  the  voids  in  the  Stone.  In 
Other  words,  in  practical  construction  as  small  a  proportionof  sand,  and  as  large 
a  proportion  of  stone,  should  be  used,  as  is  possible  without  producing  visi^ 
voids  in  the  concrete. 

In  the  above  definitions  the  siie  of  separation  between  "  sand  '  and  "  stone  " 
is  taken  as  one-tenth  the  size  of  the  largest  stone.  For  example,  for  stone 
running  up  to  j|  inches  all  matcsial  below  o'i2  inch  in  diameter  is  saod,  {i-t. 
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all  passing  say  a  \  iach  mesh),  and  for  \  inch  stone,  all  material  below  o'o;  ins. 
in  diameter,  (i.f.  all  passing  a  sieve  of  15  meshes  to  the  lineat  inch). 

The  IcriDS  "excess"  and  "deflciency"  are  relative,  the  standard  being  the 
"ideal"  siting  curves  given  by  Fuller  and  Thompson.  These  curves  are 
probably  applicable  (with  a  fair  degree  of  accuracy)  to  most  mixtures  of  broken 
stone,  and  sand,  or  gravel,  but  further  trials  are  greatly  to  be  desired.  The 
exact  form  of  the  curve  is  affected  by  the  shape  of  the  individual  grains  ;  and 
ivhen  angular  "sand,"  procured  by  crushing  stone,  is  mixed  with  rounded 
aggregate,  other  and  larger  modifications  probably  occur.  According  to  Fuller 
and  TbMDpson,  the. best  mixture  is  one  in  which  the  cement  and  sand  together 
fomi  about  34,  to  38  per  cent,  of  the  whole  volume,  and  about  7  per  cent,  of 
this  is  less  than  0-003  'i^^  '»  diameter,  say  200  meshes  to  the  linear  inch. 

The  ideal  grading  is  shown  in  Sketch  No.  266,  where  the  sizing  or  grading 
curve  starts  with  7  per  cent,  of  the  whole  mixture  less  than  o'ooa;  ins.,  and 
tuns  as  an  ellipse  to  a  percentage  of  30-(-2'zD,  for  a  size  — ,  where  D,  is  the 

diameter  of  the  largest  stone,  in  inches.  The  stone  is  then  graded  uniformly, 
as  is  shonn  by  the  straight  line  ;  and  it  will  be  noticed  that  slight  differences 
exist,  according  as  the  "  sand  "  and  "  stone  "  are  angular  or  rounded. 

Now,  these  definite  figures,  and  the  elliptical  and  straight  line  laws,  are 
both  probably  only  of  limited  applicability.  The  generally  applicable  deduc- 
tions (not  only  from  these  investigations,  but  also  from  those  of  Feret)  are 
as  follows  : 

Taking  D,  as  the  maximum  diameter,  sizes  of  stone  between  o'6  D,  and 
0-3  D,  are  unfavourable,  and  should  be  partially  removed  by  sieving. 

So  also,  O'l  D,  being  the  maximum  diameter  of  sand,  sizes  between  O'o6  D, 
and  0x930,  require  diminution.-  For  example,  when  the  maximum  stone  is 
2)  ins.  in  diameter,  stones  of  a  size  between  I'S  ins.  and  0-75  ins.  may  be 
found  to  be  in  excess  when  compared  with  the  curve.  Sand  grains  of  a  size 
between  0-15  ins.  and  0*075  i"^-  ^1'  probably  be  in  excess  when  compared 
with  the  curve,  and  should  consequently  be  removed  as  far  as  possible. 

As  an  example,  let  us  take  Sketch  No.  267,  which  shows  a  sizing  curve  for 
Thames  ballast.  Here  the  sizing  of  the  mixture,  as  dug  from  the  excavation, 
is  as  follows : 

About  73  per  cent,  of  the  whole  qiaterial  is  less  than  O'lo  ins.  in  diameter 
(Fiike),  and  about  14  per  cent,  is  between  o'lo  ins.  and  0-48  ins.  in  diameter 
(Medium).    About  13  per  cent,  is  above  0*48  ins.  in  diameter  (Coaise). 

A  close  approximation  to  the  ideal  curve  is  obtained  by  a  mixture  of  the 
following  proportions,  namely : 

Containing  3S  per  cent,  of  Fine,  14  per  cent,  of  Medium,  and  48  per  cent, 
of  Coarse.   '  • 

Now,  D,  being  1-5  ins.,  the  effect  of  the  proposed  grading  is  to  diminish 
the  percaut^e  of  the  particles  of  sand  less  than  o~30  ins.  in  size  (Fine)  to 
about  one  half  of  that  which  occurs  in  Nature,  the  desired  object  being  the 
diminution  of  the  medium  siied  grains  of  sand. 

The  pcrcent^e  of  gravel  over  048  ins.  (Coarse)  is  about  four  times  that 
which  occOrB  in  Nature,  and  this  causes  the  natural  proportion  vi  sinall  gravel 
(Medium)  to  fit  the  curve  very  nicely. 

If  the  matter  is  carefully  studied,  it  will  be  found  that  this  division  of 
tbc  natural  "ballast"  into  three  classes,  and  a  proper  selecbon  of  their  pro> 
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portions,  trill  p«rtnit  a  large  rejection  of  medium  sand  and  mediom  gtiMl 
particles  to  be  made. 

These  rules  do  not  always  produce  the  densest  mixtures.  Tbe  variaiioiu 
likely  to  occur  are  illustrated  by  Ferefs  experiments.  Here  the  material  was 
separated  into : 

G,  containing  material  between  236  ins.  and  1*57  ins. 

M,  „  „  1-57  ins.  and  079  ins. 

F,  „  „  079  iiks.  and  0-39  ins. 

These  substances  separately  contain  about  52  per  cent  of  voids  tAxea.  the 

materia)  CMisists  of  broken  stone,  and   40  per  cent  of  voids  whea    it    ii 

rounded  gravel. 

The  mixture  possessing  the  smallest  percentage  of  voids  (and,  in  con- 
sequence, presumably  the  best  mixture)  is  composed  of  i  G,  to  i  F,  in  InrtAen 


Sksick  No.  367.— SiaQg  of  Tbanica  BsUml 

stone,  and  contains  47  per  cent,  of  voids.  In  the  case  of  gravel,  tbe  pn^ter- 
tions  are  3*5  G,  to  I  F,  and  the  voids  fall  to  34  per  cent. 

The  results  differ  from  Fuller's  proportions  in  that  the  class  H,  is  totaDy 
eliminated,  and  are  obviously  less  adapted  for  practical  mixtures.  The  large 
difference,  bolh  in  the  proportions  and  the  voids  in  the  densest  mixtuies,  which 
is  produced  by  the  substitution  of  gravel  for  broken  stone,  indicated  that  neither 
of  the  experimenters  has  succeeded  in  obtaining  a  rule  which  is  uniranally 
applicable.  Consequently,  any  blind  application  of  Fuller's  curve  is  un- 
desirable. It  must  not  be  forgotten  that  both  experimsnters  woriced  with  an 
artificialty  dried  material.  The  absolute  values  of  the  voids  theicfere  ^ITcr 
considerably  from  tboae  esisting  in  a  "  dry  material,''  as  .used  in  practical  woit 

I  have  carried  out  special  tests  on  the  subject,  and  find  that  if  we  call 
the  mixture  containing  the  smallest  percentage  of  voids,  the  *'optimam' 
mbnure,  then  the  proportions  of  the  "optimum"  mixture  for  aiti6cuUy  dried 
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m&teriBls  differ  very  sligbtly  from  those  of  the  "  optimum  "  mixture  for  "  dry " 
materials,  as  found  in  practice,  although  the  absolute  percentages  of  voids  in 
the  two  mixturea  tnay  be  very  different. 

It  will  be  found  that  a  U.n  appmxiination  to  the  best  mixture  {as  obtained 
either  by  the  methods  of  Fuller  or  Feret),  can  in  many  cases  be  secured  by 
passing  the  natural  material  through  a  trommel  with  holes  about  0'2o  ins. 
in  diameter,  and  taking  .from  z,  to  5  measures  of  coarse,  to  I  of  fine  material, 
in  place  of  the  natural  mixture,  which  usually  consists  of  I  of  coarse  material 
to  3  or  4  of  fine.  The  exact  proportions  are  best  arrived  at  by  a  series  of 
trial  mixteres.  When  the  densest  mixture  has  thus  been  discovered  the  result 
should  be  checked  by  tensile  tests  of  the  mortar  thus  obtained.  In  practice,  I 
find  that  a  comparison  of  the  sizing  curves  of  the  available  material  with 
Fuller  and  Thompson's  ideal  sizing  curve,  as  plotted  in  Sketch  No.  368,  will 
afford  valuable  preliminary  indications.  This  is,  of  course,  the  usual  sand  and 
stone  classification. 

The  more  complicated  "Fine,  Medium,  Coarse"  process  indicated  in 
Sketch  No.  267  is  of  practical  importance.  When  the  usual  sand  and  aggregate 
aie  thus  divided  into  three  classes,  it  is  often  possible  to  obtain  a  good  "v<Hd- 
less"  {i^.  practically  impermeable)  concrete  with  a  mixture  of— 1  cement  :  9  or 
10  of  a  scientifically  graded  mixture  of  the  three  classes.  Whereas,  the  usual 
practical  mixture,  obtained  by  taking  only  two  classes  {i.e.  sand  and  aggregate 
as  they  are  generally  used),  is — i  :  3  :  5,  or  i  :  7  of  the  combined  material. 

When  considerii^  the  sizing  of  materials  it  is  often  desirable  to  know 
what  size  of  particle  will  pass  a  screen  of  say  40  meshes  per  linear  inch.  The 
question  is  very  easily  solved  in  meshes  down  to  say  10  per  inch,  by  actual 
test  and  measurement.  Below  10  meshes  per  linear  inch  1  have  found  that 
the  following  rule  is  very  close  to  commercial  practice : 

The  maximum  diameter  of  a  particle  which  passes  a  commercial  sieve 

of  H,  meshes  per  linear  inch,  is  not  far  removed  from  —  inches,  and  is  still 
more  closely  represented  by  -  ,  if  w,  is  less  than  40,  and  *~,  if  «  is  greater 

than  40- 

Skud.— The  usual  specification  for  sand  is  as  follows  : 

The  land  to  be  clean,  sharp,  angular  pit  sand,  free  from  clay  or  tnud,  or 
otber  impuritiee  which  adhere  to  the  grains.  The  practical  tests  emjdoyed  in 
judging  sand  are : 

(i)  If  it  stabs  the  fingers  when  rubbed,  it  is  considered  to  be  dirty,  and  is 
consequently  washed. 

(ii)  The  angularity  of  the  grains  is  judged  by  examination  by'the  eye,  or 
by  a  lens. 

The  specification  is  really  one  which  secures  a  sand  which  is  well  adapted 
for  making  good  mortar  for  bricklaying  purposes,  and  is  founded  on  the 
properties  of  clean  pit  sand,  as  distinguished  ^m  river  sand,  which  is  generally 
less  aogidat,  and  contains  fewer  fine  grains.  Sea  sand  i*  tunally  even  more 
rounded  and  more  devoid  of  fine  particles  than  -river  sand,  and,  being  coated 
oiife  salt,  is  unsuitable  for  mixing  with  cement. 

'  The  specification  therefore  usually  enables  the  sand  which  is  best  adaptwd 
fbr  cMacrete  work  to  be  selected  from  the  two  or  three  classes  of  sand  which 
occur  in  Nature.     It  is,  however,  quite  useless  for  selecting  the  best  pit  sand 
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when  three  or  fonr  sources  are  accessible,  and  it  in  no  way  indicates  the  best 
method  of  preparing  the  raw  sand. 

The  specification  does  not  describe  an  ideal  sand  for  concrete,  altboHgfa  a 
sand  passing  this  specification  will  no  doubt  produce  a  good  mixnue,  and 
forms  a  good  raw  material  from  which  a  atiil  better  sand  can  be  selected. 

The  sand  required  for  concrete  is  a  haid,  non-porous  substance,  containing 
grains  of  all  siies,  roughly  in  the  proportions  indicated  by  the  sizing  curves 
already  given.  This  may  be  accurately  specified  by  siting  tests ;  but,  as  a 
rule,  the  smaller  the  percentage  of  voids  the  more  closely  the  sand  confonns  to 
the  sizing  curves,  and  the  better  it  is  fitted  for  concrete.  The  mueiial  dioiitd 
not  contain  any  free  lime,  or  salts,  which  may  au  injuriously  on  the  cemenL. 
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Skrtch  No.  368.— Sizing  of  Fine  Sand  and  Stone  Dost. 


Thus,  a  good,  up-to^ate  specification  can  only  be.  obtained  by  Bystematic 
jMreliminary  tetta  on  the  local  sand  ;  and  the  following  foim  is  probably 
necessary  in  cases  where  large  quantities  of  sand  are  used : 

The  raw  material  for  sand  to  be  procured  from  approved  pits;  and,  if  directed, 
to  be  washed  and  graded  into  two  siies  by  passage  througn  screens  of  (half  an 
inch}  and  (J  of  an  mch)  mesh. 

The  required  pTop<ntions  of  cement,  fine  sand,  coarse  sand,  and  aggicgate, 
will  be.^elected  by  the  engineers,  according  to  the  results  of  sizing  teats  con- 
ducted, as  shown  in  the  annexed  schedule  ;  and  payment  for  the  cement  will  be 
made  according  to  the  weight  actually  used. 

The  difiictiltiea  are  obvious,  and  a  similar  specification  of  the  aggregate  ia 
also  required..  Tl;e  concrete  mixtures  at  Staines  were  proportiosed  on  these 
principles,  although  in  a  less  scientific  manner  (the  dale  being  1899) ;  and, 
siace  it  was  my  duty  as  engineer's  assistant  to  conduct  the  tests,  I  can  state 
that  a  specification  similar  to  the  above,  if  properly*  used,  is  not  unjust  to  the 
contractor. 
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The  whole  of  tbe  above  expmimental  work  may  at  first  sight  appear  to  be 
tomewbat  unnecestary.  The  real  justification  for  the  discusBioa  is  that  with 
care  fmm  6d.  to  is.  can  be  saved  in  tbe  cost  of  each  cube  yard  of  conciete, 
even  under  British  conditions  ;  and,  in  localities  where  cement  is  really  costly, 
the  saving  is  frequently  sufficient  to  enable  cement  to  be  used  in  place  of  less 
satisfeaory  local  lime  ot  other  moitais. 

Similar  investigations  Cor  hydraulic  Ume,  and  lime  and  clay  cements 
(Natural  Portland)  are  badly  j&eeded. 

The  infonnalion  at  present  available  almost  entirely  consists  (rf  tension 
tests  of  variobs  mbctures,  and  is  not  sufficient  to  enable  any  definite  statements 
to  be  made.  The  principles  above  developed  should  be  followed  when  investi- 
gations are  made ;  but,  as  a  rule,  the  requisite  strength  is  obtained  with 
difficulty,  and,  if  it  is  obtained,  and  the  cementing  material  is  finely  ground,  it 
is  probable  that  tbe  resulting  concrete  will  be  very  nearly  "voidless." 

In  this  connection  I  would  observe  that  no  modem  engineer  can  afford  to 
neglect  such  cementing  materials. as  hydraulic  linie  and  trass,  or  the  weak 
hydraulic  limes  produced  by  bumjpg  kankar  in  India  and  hardpan  in  Australia. 
I  do  not,  however,  consider  that' I  have  sufBdent  chemical  knowledge  to 
discuss  the  principles  involved  in  the  selection  of  these  materials  and  tbe 
production  of  concrete  made  by  their  use. 

1  therefore  merely  state  that  certain  French  firms  supi^y  a  hydraulic  lime 
with  which  concrete— as  reliable  as  a  Portland  cement  concrete — can  be 
produced ;  and  that  certain  German  firms  sell  trass,  from  Andemacfa,  which 
is  equally  reliable. 

Tbe  resulting  concrete  is  not  as  strong  as  Portland  cement  concrete,  and  at 
present  I  merely  use  these  materials  when  a  cheaper  result  can  be  produced. 
It  must  also  be  remembered  that  tbe  above  firms  are  by  no  means  the  only 
possible  sources  (the  grey  lias  lime  of  England  being  equally  useful).  The  only 
reason  for  specially  mentioning  ibesefirms  is  that  they  market  a  properly  tested 
material  of  uniform  quality,  and  therefore  form  as  good  a  source  of  supply  as 
any  reliable  manufacturer  of  Portland  ceawnt 

The  following  details  may  be  useful  in  drawing  up  a  logical  specification  : 

In  the  case  erf  modem  cements,  it  has  been  fairly  well  established  that  a 
round  sand  gives  the  strongest  concrete  when  tested  in  compressioii,  the 
angular  sands  giving  better  results  in  tension  tests  only.  Now,  concrete 
structures  are  designed  for  exposure  to  compressive  stresses  ;  thus,  toionst  on 
an  angular  sand  seems  somewhat  uimecessary.  la  some  cases  (e^.  retaining 
walls,  and  broad  foundations),  we  know  that  the  concrete  does  actually  sustain 
tensile  stresses,  and  then  angular  sand  may  be  advantageous.  1  do  not  consider 
that  it  is  permissible  to  reject  an  otherwise  satisfactory  sand  merely  because  it 
is  not  angular,  since  a  want  of  angularity  really  means  that  the  sand  is  not  very 
fine,  for  it  will  generally  be  found  that  the  finer  the  sand,  the  more  angular  are 
the  individual  grains. 

The  following  tests  of  sands  by  Feret  show  tbe  influence  of  tbe  shape  of  tbe 
grains  on  the  percentage  of  voids  : 

Sand  with  laminated  grains  contains  34*6  per  cent,  of  voids. 
Sand  with  Bat  grains  (crushed  shells),  3 1  '8  per  cent,  of  voids. 
Sand  with  angular  grains  (crushed  stone),  37'4  per  cent,  of  voids. 
Sand  with  rounded  grains,  256  per  cenL  of  voids. 
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These  results  are  only  comparative,  and  in  Nature  the  percent^es  of  vnids 
are  usually  larger,  but  an  angular  sand  may  be  expected  to  have  from  3  to  5 
per  cent,  more  voids  than  similar  rounded  sands. 

Hazen  states  that  a  sand  with  a  uniformity  coefficient  of  less  than  z,  as  a 
rule  contains  45  per  cent,  of  voids  ;  and  if  the  uniformity  coefficient  is  between 
2,  and  3,  the  voids  fall  to  40  per  cent. ;  while  with  a  coefficient  of  6,  or  8,  the 
voids  fall  10  30  per  cent  The  Agnres  are  interesting,  as  showing;  the  octreme 
importance  of  removing  the  medium  sized  grains.  Hazen  protably  r«fien  to 
angular  sands. 

My  own  experience  is  distinctly  adverse  to  the  waging  of  sand  in  order  to 
remove  clayey  particles,  unless  such  particles  exceed  say  ;  per  cent  in  bulk,  or 
are  collected  in  comparatively  large  masses. 

In  practical  tests  of  sand  (such  as  is  met  with  in  the  Thames  valley),  the 
unwashed  material  generally  produces  a  stronger  mortar  when  tested  by 
I  cement  :  3  sand,  tensile  tests  (probably  because  the  finer  and  more  angular 
panicles  are  not  removed),  and  the  mortar  is  wiually  less  permeable  by  wafer. 
Ati  engineer  desirous  of  making  the  best  use  of  the  available  material  should 
consequently  spedfy  that  washing  may  be  ordered  if  necessary ;  but  should 
definitely  state  that  sand  which  tests  wdl  (either  in  tension  or  in  compiession, 
or  for  peimeability,  according  to  the  purpose  for  which  it  is  required),  need  not 
be  washed  simply  because  it  comains  day. 

The  best  method  of  preparation  has  been  much  discussed.  So  far  as  I  can 
sum  np  a  matter  which  obviously  depends  largely  upon  local  conditions,  I  am 
inclined  to  believe  that  while  vegetable  mould  should  invariably  be  removed, 
the  presence  of  a  small  proportion  of  clay  (say  s  to  5  per  cent.,  or  even  in  scmuc 
cases  10  per  cent.),  is  usually  beneficial,  especially  where  impenueability,  raAcr 
than  strength,  is  the  main  requirement.  I  attribute  those  cases  v4iere  sand  is 
improved  by  the  removal  of  small  qtiantities  of  clay,  not  so  much  to  the  removal 
of  the  clay,  as  to  the  washing  away  of  salts  coating  the  grains  of  sand.  And 
there  is  little  doubt  that  a  washing  which  is  sufiiciemly  violent  to  remove  the 
smaller  grains  of  the  sand,  almost  always  results  in  a  sand  which  pindnces  a 
weaker  (in  tension)  mortar. 

In  this  connection,  it  is  necessary  to  refer  to  the  alkaline  salts  (such  as 
sodium  carbonate,  sulphate,  or  chloride),  which  occasionally  occur,  either  in 
sand,  or  in  water  used  for  mixing  concrete.  The  presence  of  ^dt  salts 
necesKtatts  great  care  in  proportioning  and  mixing  concrete. 

In  some  localities  I  have  found  it  absolutely  impossible  to  make  a  good 
concrete  with  local  sand  and  well  water.  Such  extreme  cases  are  easily 
recognised,  since  the  cement  either  sets  very  rapidly,  or  refuses  to  set  within  a 
reasonable  period.  The  more  dangerous  cases,  however,  are  those  where  the 
concrete  works  properly,  attd  is  deposited  without  arousing  any  susptdbn,  and 
then  rapidly  dismt^rates.       , 

So  far  as  can  be  judged,  the  conditions  are  very  similar  to  those  produdftg 
the  disintegration  of  concrete  by  sea  water,  so  much  discussed  ten  or  fifteen 
years  ago.  The  solution  of  the  problem  is — I  believe— the  same.  Concrete 
which  is  rapidly  destroyed  by  the  action  of  alkaline  salts  always  appears  to 
have  been  markedly  permeable,  and  its  destruction  is  probably  due  to  the 
crystallisation  of  salts  in  the  interstices.  If  this  be  so,  it  is  plain  that  a 
property  proportion^  impermeable  concrete  will  probably  disintegrate  at  the 
■urfece  only,  and  the  practical  efliict  of  the  presence  of  alkaline  salts  wiH  be  to 
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proIutHt  the  lue  of  other  than  impeniwable  concrete-  Where  iqfpermefUiIa 
concrete  would  be  too  expensive,  coatin]^  or  layers  of  asphalte,  or  bitumen 
sheeting,  are  indicated,  in  order  to  prevent  percolation.  I  have  also  found  a 
mere  coating  of  tai  to  be  satisfactoiy  for  a  period  of  at  least  three  <v 
four  years. 

Id  this  connecUoQ  it  is  advisable  to  refer  to  the  "working  qualities"  of 
mortar.  These  are  not  easily  defined,  but  are  fully  appreciated  by  bticklayers 
and  masons.  A  mortar  "works  well"  when  ,it  fills  the  joints  readily,  and 
adheres  nicely  to  the  bricks  or  stones.  Now,  as  a  matter  of  experience,  if  the 
ordinary  specification  of  "  clean  angular  sand  ".  '-a  rigidly  adhered  to,  aqd  thia 
sand  is  mixed  with  a  good  modem  Portland  cement  (or  evan  in  some  cases 
with  hydraulic  lime),  the  resulting  mortaXr  especially  if  rich  ia  cement,  docs  mrt 
work  welL 

As  a  practical  matter,  therefore,  it  is  frequently  advisable  to  secure  a  good 
working  mortar  for  brickwork  or  masonry,  even  if  it  is  not  quite  so  sttung  in 
tension  or  otherwise  sttisfactory  under  test,  in  order  to  obtain  goo4  workman: 
ship.  The  quality  of  the  inspection  and  the  control  over  the  labour  will,  of 
course,  be  important  factors  in  arriving  at  the  linal  decision. 

Similarly,  the  rejection  of  odd  lots  of  mortar  left  over  at  meal  intervals,  or 
even  over  night,  is  an  unending  source  of  friction,  especially  with  quick  setting 
cements.  While  I  do  not  consider  the  practice  an  ideal  one,  I  have  frequently 
found  that,  if  this  half-set  mortar  be  mixed  in  small  quantities  with  freshly  mMe 
mortar,  the  resulting  mixture  works  very  well  In  one  case,  where  the  results 
of  tensile  tests  were  favourable,  and  the  normal  mortar  worked  very  badly,  I 
found  better  results  were  obtained  by  systematically  mixing  about  the  last  tenth 
of  each  batch  with  the  new  batch. 

AggregAte, — The  most  important  point  is  to  be  certain  that  the  aggregate 
does  not  contain  any  chemical  calculated  to  act  on,  or  disintegrate,  the  cement. 

The  deleterious  substances  moM  commonly  found  ate  ;~Soluble  sulphates 
in  cinders  or  slag ;  or,  where  tb&  cinders  are  not  properly  cleaned,  in  unconsumed 
coaL  Such  salts  sooMtimes  occur  in  brick  bats,  which,  wfien  otherwise 
satisfactory,  form  a  good  concrete  aggregate  if  broken  to  wkc  So  also,  Hnne  in 
the  old  mortal  adhering  to  the  bats  may  cauae  tronble. 

The  only  other  case  commonly  found  is  that  of  a  limestone  aggregate,  which 
is  occauonally  desttoyed.  by  acid  moorland  waters.  (See  Barrett,  PJ.C£^, 
vol.  167,  p.  153.) 

The  qualities  required  in  a  good  aggregate  are  very  mudi  akin  to  those 
of  a  good  sand,  the  size  of  the  indrvidual  grains  being  the  only  marked 
difference. 

The  ideal  aggregate  is  a  hard,  angular  stone,  with  rough  surfeces  aflbrtting 
a,  good  grip  for  the  mortar.    A  granite  road  metal  may  be  taken  as  typical. 

Hard  water-worn  pebbles  are  generally  held  to  be  less  favourable  sntM 
stances,  but  they  nevertheless  fonn  a  good  concrete  and  usually  contain  a 
smaller  proportion  of  voids.  The  fact  that  a  water-worn  pebble  remuDS  hard 
is  a.  very  fair  indication  that  it  will  not  disintegrate  when  used  for  aggregate. 
In  actual  practice,  any  hard  material  can  be  used.  Very  good  resnhs  have 
been  obtained  with  burot  ciay,  although  this  is  probably  better  adapted  for  a 
concrete  with  a  matrix  of  hydraulic  lime,  rather  than  Portland  cement. 

CONCRBTE. — As  a  TulC)  on  all  works  of  sufficient  siie  to  justify  ili«  cost  of  a 
machine  and  its  driving  power,  machine  mixing  alone  is  employed  in  c(»cre(e 
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work  ;  though  I  do  not-coostder  its  advantages  justify  an  CDgineer  in  spedfTing 
it  exclusively. 

'  Mixing  machines  are  of  many  types.  The  Cubical  box  rotatrng  roand  a 
diagonal  possesses  certain  theoretical  advantages,  but  wet!  mixed  concrete  can 
be  turned  out  by.  nearly  all  equating  types  of  machine.  A  very  good  test 
consists  in  placing  the  sand,  aggregate,  and  cement,  separately  in  the  mixer, 
mixing  the  cement  with  about  lo  per  cent  of  some  easily  recognisable  coloar- 
ing  matter,  insoluble  in  water  (I  usually  employ  brick  dust,  sifted  so  as  to  be  of 
the  same  fineness  as  the  cement),  and  then  seeing  how  this  colour  has  spread 
over  tbe  mixed  mass,  testing  both  dry  and  with  water  added. 

The  most  logical  test  is  to  take  samples  of  the  mortar,  or  concrete,  frota  6 
<ir  '8  different  portions  of  a  batch,  and  to  make  up  separate  tests  from  each 
sample  (either  briquettes  for  tension,  or  cubes  for  compression).  Then 
thoroughly  mix  the  whole  batch  by  hand,  and  take  the  same  number  of  samples 
from  the  mixed  heap  for  testing  purposes.  If  the  first  set  of  tests  either  i-aty 
materially  inter  se,  or  are  markedly  (say  more  than  ;,  to'  lo  per  cent.)  weaker 
than  those  of  the  hand  mixed  set  of  tests,  the  machine  may  be  considered  as 
defective.  When  applying  this  method,  it  is  as  well  to  bear  in  mind  that  a 
batch  mixer  gives  very  similar  results,  however  it  may  be  worked,  provided 
that  the  number  of  turns  is  the  same ;  while  a  continuous  mixer  is  far  more 
sensitive  to  careless  working.  Thus,  not  only  are  tbe  above  tests  more  easily 
faked  for  special  purposes,  but  a  continuous  mixer  always  needs  more  rigid 
inspection. 

The  usual  specification  for  hand  mixing  is  as  follows.  The  concrete  to  be 
mixed  on  a  close  boarded,  or  impervious  floor,  and  when  dry  to  be  luined  over 
at  least  twice  ;  then  three  times  after  water  is  added,  until  thoroughly  and 
satisfactorily  mixed. 


I  consider  that  concrete  should  be  deposited  with  as  httle  distuibance  as 
possible.  I  am  aware  that  it  was  formerly  the  practice  to  drop  the  concrete 
from  stages  (sometimes  specially  erected)  through  a  height  of  30,  or  30  feet- 
Engmeers  who  persist  in  this  practice  do  not  realise  that  modem  cement  is  > 
substance  composed  of  particles  which  are  fiar  finer  than  any  ordinary  sand, 
and  are  therefore  easily  sired  out,  and  separated  from  the  sand  and  aggregate. 
Personally,  1  am  so  adverse  to  any  undue  disturbance  that  1  view  tbe  practice 
of  running  concrete  down  a  shoot  with  disfovour,  and  prefer  to  deposit  it 
in  lipping  buckets,  or  better  still,  in  flap-bottomed  grabs.  It  must,  how- 
ever, be  realised  that  a  bard,  coherem  611ing  is  all  that  is  required  in  certain 
cases,  and  under  such  circumstances  any  undue  restrictions  merdy  delay 
progress. 

Tbe  question  of  very  dry,  versus  very  wet  concrete,  has  been  the  subject  of 
much  diKussion  (see  p.  30).  I  believe  that  a  very  dry  concrete,  Aimmed  until 
it  quakes,  and  slightly  sweats  water,  is  the  ideal  mixmre.  Bm  1  aim  equally 
convinced  that  competitive  contractors  cannot  be  expected  to  sacrifice  their  own 
interests,  and  that  administrative  working  does  not  justify  useless  extravagaoce. 
Thus,  since  a  very  dry  concrete,  insufficiently  rammed,  produces  worse  results 
than  a  wet  concrete  slapped  into  place,  I  believe  that  the  best  results  are 
obtained  by  considsiing  the  permissible  degree  of  wetness  of  the  concrete  as  a 
function  of  the  thickness  of  the  work,  and  its  irregidarity.  For  thin  walls  of 
incgular  section,  encumbered  by  metallic  reinforcement  or  expansion  joints, 
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the  use  of  dry  concrete  will  lead  to  friction  with  the  workmen,  slow  progress, 
displacement  of  the  reinforcement,  and  (despite  the  best  supiervision)  possi- 
bilities of  unperccived  cavities  always  reniain.  Such  cavitiei  arc  most  likely  to 
occur  between  the  reinforcing'  rods,  and  are  positively  dangerous  in  such  a 
position,  since  they  give  rise  to  corr6sion  and  a  lack  of  adhesion  between  the 
concrete  and  the  steel.  Consequenily,  the  concrete  should  be  wet,  aad  the 
wetness  cannot  be  considered  to  be  excessive  unless  clear  water  is  found  to  rise 
to  the  top  of  the  concrete.  The  above  degree  of  wetness  is  only  permissible 
when  the  shuttering  is  cement-tight,  which  is'  best  secured  by  the  ust  of 
tongued  and  grooved  boarding. 

At  die  other. extreme  lie  wide  walls,  such  as  a  dam,  where  tfaewoikmen 
cap  stand  and  ram,  or  trample  all  over  the  surface  of  the  concrete. 

In  such  cases  the  concrete  shoul<1  be 'mixed  fairly  dry,  and  should  be 
rammed  into  place. 

The  methods  adopted  by  Deacon  {P.I.C.E.,  vol.  126,  p.  34),  may  be  taken 
as  a  model,  subject  to  the  remarks  that  they  are  ejtpenshre,  and  if  carelessly 
carried  out  will  produce  worse  results  than  concrete  which  is  too  wet. 

The  cement  was  slow  setting,  the  specification'  stipulating  (hat  a  thehno- 
meter  when  inserted  into  a  jam  jar  containing  hreshly  made  cement  plaster 
should  not  rise  more  than  i  degrees  Fahr.  In  the  f  tst  1 5  minutes,  and  3  degtees 
Fabr.  in  the  first  60  minutes, '  after  tnaking  the  toaster.  This  cement  was 
mixed  with  three  times  its  volume  of  a  mixture  consisting  of  i  part  of  sand, 
and  3  pahs  of  stone  dust  frotn  the  breakers,  which  passed  through  a  sieve  of 
S  meshes  per  inch ;  and  abont  6  to  8  per  cent.-  of  water  was  added.  The 
mortar  thus  obtained  resembled  putty  in  consistence,  but  (the  ainotints  are 
not  given,  but  the  mortar  and  the  concrete  were  praporttoned  in  the  manner 
indicated  ran  p.  961  so  as  to  be  "  voidleis  ")  when  rammed  became  "jelly  Kfce," 
and  resembled  a-  ''quicksand,"  and  was  almost  impermeable  to  water.  The 
concrete  was  ramtiied  with  beaters  made  of'J-inch  iron  plates,  i  foot  square, 
with  the  edgds  turned  up  Jths  of  an  inch  all  round. 

With  the  cement  of  the  present  day  a  greater  quantity  of  water  would 
probably  be  required,  but  the  consistency  aimftd  at  is  that  employed  by  a 
slnUiil  cement  tester  when  Kiaking  briquettes  for  testing  purposes.  The  results 
are  good,  and  with  caretul  supervision  i  foot  thickness  of  concrete  made  by 
these  methods  is  water-tight  under  a  head  of  3b  feet,  but  such  results  are 
anlikely  to  be  attained  by  a  contractor.  ' 

As  a  nile,  wide  walls  of  the  character  now  considered  are  constructed  of 
concrete,  with  stone  plums  or  displacers.  These  are  large  blocks  of  sound 
atone  (Deacon  used  blocks  up  to  6  tons  in  weight,  and  his  average  size  was 
about  2  tons ;  but,  in  bridge  piere,  and  snch  worlt,  i  to  6  cubic  fiMt  is  more 
usual)  roughly  trimmed  so  as  to  remove  concavities,  and  set  in  the  concrete, 
generally  point  end  downwards. 

Deacon  beat  the  blocks  into  place  with  fifty  or  more  blows  ¥rom  two- 
handed  wooden  mallets,  6  to  7  inches  in  diameter,  and  14  inches  long ;  hut 
such  blocks  are  usually  wriggled  or  levered  into  a  good  bedding  in  the 
concrete  by  means  of  crowbars  (see  p.  404). '  As  a  rule,  these  plums  are 
separated  from  each  other  by  at  least  4  inches  of  concrete,  so  that  the  plums 
rarely -form  more  than  40  per  cent,  of 'the 'volume.  Deacon,  however,  having 
made  a  plastic  concrete  by  the  method  described,  fbund  that  the  plums  coiild 
be  packed  far  niore  closely,  ihd  coniequently  adopted  1  inch  as  the  r  " 
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distance.  Blunt  tools  ("swords"  and  "slicers")  were  wed  for  raminii^  the 
concrete  into  the  narrow  joints  between  the  Uocks. 

It  is  pure  hypocrisy  to  treat  wet  concrete  as  tbough  it  were  dry,  «im1  via 
versa.  The  only  effect  <rf  ramminf  wet  concrete  is  W>  bring  more  "  laitaacE' 
to  the  surface,  and  to  cover  it  with  what  is  really  dead  and  useless  cemeni. 
iriiich  has  been  drowned  by  the  excess  of  water.  If  the  concrete  is  not 
rammed,  a  smaller  quantity  of  this  laitance  is  produced,  and  that  which  is 
produced  remains  distributed  throughout  the  entire  mass.  All  that  «et 
concrete  really  requires  is  to  be  worked  with  a  spade,  or  blunt  toot,  in  oidci 
to  force  it  into  comers  of  the  shuttering,  or  between  the  reinforcing  bus. 
Similarly,  dry  cottcrete,  if  not  rammed,  is  liable  to  foon.  arches,  and  vcitA 
cavities,  are  left ;  also  it  appears  Chat  ramming  is  actually  necesaary  in  order 
to  bring  the  water  into  contact  with  the  cement,  and  start  the  setting  of 
the  concrete. 

Shottskisg. — The  design  of  the  fonns,  or  moulds  for  retainiiq;  the 
concrete  while  setting,  deserves  consideration-  The  forms  are  exposed  to 
the  pressure  of  the  onset  concrete,  the  pressure,  of  course,  varying  not  only 
with  the  wetness,  but  with  the  height  of  fresh  inaterial  deposited  at  a  time. 
The  usual  (wactice  is  to  calculate  the  stresses  as  though  the  concrete  wen 
a  liquid  weighing  70  to  8a  ll>s,  per  cube  foot.  Geneml  experience  tbefdore 
leads  to  the  following  rules,  which  are  introduced  mainly  to  prevent  excessin 
deflection  .of  the  shuttering. 

A  board,  i  inch  thick  before  planing,  should  be  supported  by  a  stud  piece 
every  3  feet  If  i^  inches  thick,  every  4  feet,  and,  in  the  case  of  3  inch  boards, 
every  5  feet. 

.  The  experiments  of  Ashley  {Enginttring  News,  30th  June  1910)  show  that 
a  wet  concrete  in  walls,  3  feet  thick  produces  pressures  cMrespondins  Co  a 
liquid  weighing  from  63,  to  79  lbs.  per  cube  foot,  and  that  these  pressoics 
increase  according  to  the  hydrostatic  law  (i.&  vary  as  the  dqith  at  wet 
concrete],  until  at  least  6  feet  of  concrete  has  been  deposited,  so  that  the 
lower  boards  are  exposed  to  a  pressure  of  470  to  480  lbs.  per  sc^iare  foot  some 
five  hours  after  the  start  of  the  work. 

In  very  wide  walls  (say  5,  to  10  fKt  wide),  with  extremely  mtt  concrete, 
pressures  equivalent  to  a  liquid  weighing  150  lbs,  per  cube  foot  may  be  attained 

Scbunk  {Eagiiueritig  News,  gth  September  1909)  says  that  if  R,  be  tbc 
number  of  feet  depth  of  concrete  deposited  per  hour,  the  pressure  increases 

at  this  rate  until  a  time  T=C+-l->  minates  has  elapsed.    Therefore,  the 

maximum  pressure  may  amount  to  3*5  CR-t-37f  lbs.  per  square  foot,  and,  if  /, 
be  the  ten^verature  of  the  coocrete,  we  have  as  follows : 

/  ^^   80    70    60    S5     SO    40    degrees  Fahr. 
C  =■    ao    3S     35    4'    5°    70 
so  that  pressures  of  130a  lbs.  per  square  foot  may  occur  at  low  tcmpenKres. 
The  circumstances  appear  to  have  been  afaaormal,  and  it  is  bnt  rardy  that 
R,  exceeds  2  feet  per  hour,  but  the  matter  must  be  provided  for  when  the 
work  has  to  be  pressed  forward. 

In  grouting  work,  pressures  equivalent  to  a  fluid  weighing  13;  lbs.  per 
cube  foot  must  be;  provided  for,  but  in  such  cases  the  pressure  is  necessarj', 
and  is  not  likely  to  lead  to  inconvenience. 

It  mnst  be  runembered  that  not  only  can  the  individual  planks  of  the 
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shuttering  deflect  or  break,  under  these  stresses,  but  that  the  whole  form  must 
be  supported  on  rigid  frames  or  struts.  Sketch  No.  269  shows  a  good,  and  a 
bad  type  for  the  lining  of  a  canal.  The  frame  on  the  left-hand  side  is  de> 
formable,  and  even  in  so  small  a  canal  as  is  here  illustrated,  cases  of  an 
excess  thickness  of  i-^  inches  <£  concrete  occurred,  while  half  an  inch  was 
the  general  value.  The  details  for  making  frames  cement  tight  need  con- 
sideration i  in  general,  tongued  and  grooved  boarding  suffices,  but  if  the  boards 
are  firmly  braced  together  and  well  covered  with  soft  soap  good  results  are 
obtained  with  plain  edges,  especially  after  the  shuttering  has  been  used  once 
or  twice,  and  has  absorbed  moisture,  and  has  had  the  interstices  filled  with 
old  concrete. 

'  The  precautions  required  when  concrete  is  deposited  on  a  surface  of  old, 
set  concrete,  have  been  discussed  under  the  heading  of  Puddle  Walls  (p.  316). 
While  these  are  effective  when  properly  carried  out,  all  designs  in  concrete 
should  be  carefully  considered  with  a  view  to  preventing  the  occurrence  of 
pemieable  joints.  1  am  fully  persuaded  that  concrete  can  (with  care)  be  made 
perfectly  water-tight.  Where  cement  is  expensive,  it  is  highly  probable  that 
ccoaomy  can  be  secured  by  trusting  to  walb  of  a  thickness  which  is  not 


Sketch  No,  369.— Shutleriiv  of  Staines  Aqueduct 


greater  than  the  stresses  demand,  combined  with  a  sandwiched  layer  of 
asphalte,  or  bitumen  sheeting.  It  is,  of  course,  understood  that  the  layer 
outside  the  sheeting  cannot  be  relied  upon  to  take  any  portion  of  the  stresses, 
and  may  therefore  be  of  weaker,  and,  if  necessary,  even  of  permeable  concrete, 
just  to  form  a  tilling. 

Rendedug.— Concrete  linings  to  canals  and  channels  arc  frequendy  rendered 
with  a  mortar  of  cement  and  sand. 

The  following  specilication  is  typical : 

The  concrete  walls  when  well  set  to  be  carefully  picked  over,  and  rendered 
with  two  coats  of  Portland  cement,  and  clean  sharp  sand,  in  equal  proportions. 
Each  coat  to  be  well  worked  in,  and  rubbed  down  with  a  trowef  The  first 
coat  to  be  approximately  |ths  of  an  inch  thick,  and  the  contractor  to  remove 
all  projections  in  the  concrete  where  these  would  cause  the  coat  to  be  less 
tiian  ith  of  an  inch,  and  to  fill  all  deficiencies  so  as  to  bring  the  surface  to  a 
true  line  and  level.    The  second  coat  to  be  |ihs  of  an  inch  thick. 

The  phrase  "sharp  sand"  is  merely  an  interesting  relic  of  the  past,  since 
impermeability  js  now  the  true  desideratum.    Sharp  sand  does  secure  a  nice- 
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looking  coat,  much  admired  by  local  builders,  which  a  rounded  sand  rlS 
probably  fail  to  do.  In  praclice,  it  is  unusual  to  insist  upon  angular  giaiss. 
even  when  specified. 

My  own  experience  of  such  work  is  unsatisfactory.  The  feciag  is  good,  bo: 
it  is  of  course  costly.  Its  hydraulic  advantages  are  over-iated.  The  exln 
smoothness  of  channel  is  easily  procured  wiih  the  usual  concrete  specificatiob. 
by  employing  planed  shuttering,  covered  with  soft  soap,  and  woridng  ibe 
concrete  against  the  shuttering  during'  deposition,  nith  a  spade  or  fiieman's 
slicer.  The  rendering  is  also  supposed  to  make  the  wall  quite  impenDcable. 
Properly  laid  rendering  is  certainly  impermeable,  but  if  there  is  a  really  open 
joint  in  the  concrete  wall,  so  that  the  rendering  is  exposed  to  any  degree  of 
hydraulic  pressure,  it  does  not  possess  the  necessary  strength,  and  is  COC' 
sequent  1y  fractured. 

In  cases  where  impermeability  is  not  absolutely  essential  a  feeing  of  eictn 
1  be  deposited  simultaneously  with  the  poorer  backing,  by 
a  temporary  shuttering  formed  of  a  piece  of  plank  lifted  up  as  the  two 
ire  deposited,  The  fact  that  this  temporary  internal  shuttering  does 
not  entirely  prevent  a  mixture  of  the  two  grades  of  concrete,  is  advantageous,  as 
a  graduation  from  the  poorer  to  the  richer  quality  finally  exists,  which  secures  a 
union  of  the  two  grades,  thus  preventing  any  separation  caused  by  dtfierences 
in  expansion  under  heat,  or  elasticity. 

In  general,  the  richer  facing  is  placed  where  visible ;  but  from  every  p<Mnt  oi 
view  (except  that  of  appearance),  the  correct  position  of  the  richer  facing  is  on 
the  pressure  side  of  the  wall,  i^.  on  the  water  face  if  it  is  desired  to  retain  the 
visible  water,  but  on  the  earth  face  if  the  exclusion  of  ground  water  is  required. 

Facing  of  Concrete. — I  have  already  referred  to  the  methods  of  giving 
concrete  what  may  be  termed  an  hydraulically  smcMth  face.  Any  attempts  to 
produce  a  face  resembling  dressed  stone  in  smoothness  are  likely  to  bli.  Tlie 
desired  appearance  can  be  secured  by  carefully  trowelling,  or  working  the 
concrete  against  the  shutterings,  but  the  result  is  rarely  permanently  satis&ctory. 
The  smoothness  is  attained  by  bringing  a  skin  of  cement  and  fine  grains  of 
sand  to  the  surface.  This  almost  invariably  develops  hair  cracks,  and  after  a 
year  or  so  the  surface  resembles  a  badly  disintegrated  stone.  These  cracks 
rarely  penetrate  below  the  fine  skin,  but  they  efTectually  destroy  the  desired 
appearance.  If  such  a  facing  is  demanded,  it  is  best  obtained  by  rendering  the 
surface,  as  already  explained.  If  the  appearance  of  concrete  is  disliked,  two 
better  methods  exist.  Either  the  whole  mass  of  concrete  may  be  faced  with 
masonry,  or  brickwork,  well  bonded  to  the  concrete  by  headers  (a  useful 
specification  being  one  course  of  headers  to  three  of  stretchers  in  brickwork, 
and  an  equivalent  if  masonry  is  used).  The  cost  is  not  excessive,  for  the  facing 
work  can  be  raised,  I  to  z  feet  according  to  its  thickness,  above  the  concrete 
before  each  batch  is  deposited,  thus  rendering  shuttering  unnecessary.  The 
more  logical  method,  however,  is  to  produce  a  rough  cast  stone  face  by  removing 
the  cement  and  sand  to  an  average  depth  of  about  |th  of  an  inch,  by  means  of 
washes  of  acid,  and  brushing  over  with  wire  brushes,  thus  leaving  the  aggregate 
exposed.  In  such  cases,  if  a  facing  layer  of  concrete  with  a  nice-looking 
a^'gregate  [e.g.  broken  syenite,  or  granite)  is  used,  a  very  excellent  appearance 
is  obtained. 

ExpAtisiON  Joints. — It  will  be  found  that  all  "monolithic  concrete' (mass 
concrete)  structures  crack  under  the  influsncc  of  temperature  stresses.    These 
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cracks  usually  occur  at  intervals  of  about  40  feet  along  the  leagth  of  the  work. 
Xwo  remedies  su^^fest  tbemselves. 

The  most  ueual  is  to  place  expansion  joints  at  every  30  feet  of  length  along 
the  work.  The  design  of  expansion  joints  is  simple ;  or  rather,  the  simpler 
tbeir  design,  the  better  they  work.  The  concrete  mass  is  divided  by  chase 
joints  at  every  30  feet  in  length,  and  near  every  marked  change  in  section. 
These  joints  are  run  in  with  aspbalte,  bitumen,  or  other  elastic  material.  The 
trade  terms  for  such  substances  are  very  varied,  and  in  many  cases  are 
apparently  meaningless.  It  is  best  to  specify  the  use,  and  to  ask  for  a 
guarantee  from  the  sellers. 

The  following  is  a  usefiil  specification  : 

The  expansion  joints  shall  be  i)  inch  wide,  filled  in  with  asphalte,  or  other 
approved  substance.  The  filling  shall  be  sufficiently  elastic  to  give  and  take 
with  the  expansion  and  contraction  of  the  concrete,  without  rupturing.  Samples 
shall  not  be  decomposed  by  soaking  in  water  in  2  inch  square  pats,  j-  inch 
thick,  for  three  months.  Such  pats  shall  not  crack  when  exposed  to  a  tempera- 
ture of  for  days,  or  flow  under  piessoies  of  at  a  tempera- 
ture of 

The  filling  in  of  the  blanks  is  obvious,  and  similar  tests  can  be  specified  in 
order  to  cover  any  peculiar  circumstances.  Thin  steel  plates,  or  lead  flashing, 
built  into  the  concrete  on  either  side  of  the  open  joint  (say  ^inch  wide  jdnts) 
have  also  been  found  to  give  satis&ctory  results. 

The  second  method  consists  in  reinforcing  the  concrete  longitudinally  with 
sufficient  steel  to  take  up  the  tensile  stresses  (see  Sketch  No.  204X  The  usual 
calculation  is  as  follows  : 

The  "  elastic  limit "  of  steel  rods  being  60,000  lbs.  per  square  inch,  and  the 
tensile  strength  of  concrete  soo  lbs.  per  square  inch,  the  area  of  steel  should  be 
g^th  of  the  area  of  the  concrete. 

I  do  not  feel  very  much  impressed  by  a  calculati<m  which  departs  so  far 
from  the  ordinary  practical  rules,  but  mass  concrete  reinforced  with  this  propor- 
tion of  steel  does  not  usually  crack,  and  the  cracks  that  do  occur  can  be 
explained  by  sudden  alterations  in  the  section  of  the  work. 

A  mass  of  concrete  reinforced  in  this  manner  at  all  sudden  variations  of 
section  and  in  all  thin  portions,  especially  those  which  are  exposed  to  changes 
of  temperature  («^.  the  top  of  a  dam,  or  the  parapets  of  an  arch),  will  rarely  be 
found  to  crack  badly. 

Where  the  character  of  the  work  permits,  very  good  results  are  obtained  by 
splitting  the  concrete  up  into  blocks  which  do  not  greatly  exceed  30  feet  in  any 
dimension,  laying  alternate  blocks,  and  filling  in  the  void  spaces  later  on.  The 
joints  between  the  blocks  are  then  in  reality  cracks  of  a  regular  nature,  which 
will  he  found  to  open  and  close  as  the  temperature  changes,  so  that  the  method 
merely  regularises  the  cracks,  and  does  not  in  any  way  prevent  them.  If  the 
concrete  is  &ced  with  brickworl^  01:  ashlar,  cracks  do  not  usually  appear  on  the 
face,  but  in  many  cases  they  can  be  discovered  running  through  the  concrete, 
so  that  the  method  is  one  of  concealment  rather  than  of  prevention. 

The  figures  relating  to  the  expansion  of  mass  concrete  are  discussed  under 
dams  (see  p.  398).  The  circumstances  occurring  in  dams  are  probably  less 
favourable  than  is  the  case  with  mass  concrete  buried  in  the  earth,  so  that  the 
details  there  given  can  be  applied  to  buried  masses  of  concrete  with  satis&ctoiy 
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In  the  case  of  thin  walls  of  concrete  which  are  exposed  to  the  atmosphere  on 
both  sides,  it  is  doubtful  whether  any  method  other  than  systematic  reinforce- 
ment, or  efficient  expansion  joints  at  every  20  to  30  feet,  will  entirdy  prevent 
cracking. 

Groutiitg  with  Cunent— The  theory  of  this  process  is  very  simple.  If 
Portland  cement  is  stirred  with  not  too  great  a  proportion  of  water  it  mixes 
with  the  water,  forming  "grout,"  or  liquid  paste,  which  contains  approximately 
equal  proportions  of  cement  and  water,  and  has  a  specific  gravity  of  about  2. 

This  paste  flows  like  a  viscid  liquid  ;  and,  provided  that  it  is  not  exposed  to 
an  excess  of  water,  it  sets  hard  under  water,  and  binds  together  any  stooes, 
ballast,  or  sand,  the  interstices  of  which  it  may  fill,  into  a  solid  mass  of  rich 
concrete.  It  must  be  carefully  noted  that  if  Portland  cement  is  shaken  up  with 
an  excess  of  water  (say  more  than  i  part  of  cement  to  5  parts  of  water),  the 
resulting  mass  will  not  set,  and  the  cement  is  "killed"  by  the  excess  of  water. 
Consequently,  if  we  can  secure  that  the  grout  is  not  unduly  diluted  by  water,  we 
can  inject  it  into  the  interstices  of  a  mass  of  rubble,  stone,  or  gravel,  lying  under 
water,  and  rest  assured  that  it  will  produce  a  hard,  continuous  mass  of  good 
concrete. 

The  abovie  statements  must  be  taken  as  referring  to  the  majority  of 
commercial  Portland  cements.  The  published  data  mainly  refer  to  the  com- 
paratively coarsely  ground  cements  of  the  period  1890-1900.  My  own  tests  on 
the  newer,  more  finely  ground,  rotary  kiln  cements  indicate  that  these  are  less 
easily  killed  by  water.  So  far  as  I  am  aware,  the  results  of  large  grouting 
operations  with  such  cements  have  never  been  published,  although  a  consider- 
able degree  of  success  was  obtained  under  extremely  difficult  conditions  by 
Walker  on  the  Seiswan  super-passage  of  the  Sirhind  Canal  in  iqojhs?.  I  there- 
'fore  believe  that  modem  Portland  cement  is  well  adapted  for  grouting  opera- 
tions, and  that  a  certain  admixture  of  fine  sand  (to  replace  the  coarse  grains 
thai  existed  in  the  older  cements),  is  probably  not  only  permissible,  but  is 
actually  advantageous.  The  best,  and  only  reliable  test,  is  of  course  the  practical 
one  of  grouting  up  a  small  mass  of  rubble,  or  stone,  and  sand,  under  water.  For 
specification  purpioses,  a  small  bulk  of  cement  may  be  shaken  up  with  say  three 
or  four  times  its  volume  of  water,  the  resulting  grout  carefully  deposited  under 
water,  and  its  setting  properties  noted. 

The  advantages  are  obvious.  A  hole  can  be  dredged  in  a  river  bed  and 
loose  stone  deposited.  The  grout  can  then  be  injected  into  the  stone,  and,  wb,iat 
it  has  set,  a  continuous  uniform  bed  of  concrete  will  result,  which  forms  an 
excellent  foundation  for  any  work  it  may  be  desired  to  erect.  Thus,  if  it  is 
necessary  to  unwater  an  area  in  permeable  soil,  the  area  may  be  dredged  out  to 
the  required  depth  ;  rubble  may  then  be  deposited  and  the  whole  grouted  np. 
When  this  has  set,  walls,  or  coflTer  dams,  can  be  erected  on  the  concrete,  and  the 
surrounded  area  can  be  pumped  dry.  If  the  concrete  bottom  is  sufficiently 
thick,  springs  and  boils  are  entirely  prevented,  and  the  saving  in  pumping 
plant  may  amply  justify  the  expense  in  cement. 

The  process  is  not,  however,  inlallible ;  and  certain  conditions  must 
necessarily  be  fulfilled,  in  the  first  place,  grout,  like  any  other  liquid,  will 
find  its  own  level,  and  it  must  be  prevented  from  leaking  away.  In  the  second 
place,  if  water  is  injected  into  the  grout  during  its  setting  the  cement  may  be 
more  or  less  "  killed,"  and  some  or  all  of  the  grout  will  refuse  to  set.  The 
French  term  "  laitance  "  is  a  good  expression  for  this  dead  cemenL 
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The  principles  ate  best  illustrated  by  two  anccesaful  and  one  unsuccessful' 
examples. 

The  Delta  Barrage  (Egypt)  was  known  to  stand  on  a  mixture  of  6ne  sand, 
broken  bricks,  and  rubble  stone,  the  latter  being  the  remains  of  the  concrete 
which  Mougel  Bey  was  obliged  to  depost  in  running  water,  with  the  natural 
result  that  the  cement  was  swept  away.  It  was  also  discovered  (see  Hanbury 
Brown,  F.I.CE.,  vol.  ij8,  p.  i)  that  in  other  places  where  masonry  or  concrete 
had  been  successfully  laid,  layers  of  silt  (in  some  cases  more  than  2  feet 
6  inches  thick)  existed,  sandwiched  in  between  the  masonry.  In  other  cases, 
thiB  silt  had  been  removed,  leaving  void  spaces  in  the  masonry.  The  work 
was  rendered  fit  to  sustain  water  pressure  by  systematically  drilling  4-inch 
boles  through  the  masonry  and  concrete,  and  also  as  far  below  the  foundation 
level  as  these  holes  could  be  kept  open.  Grout  was  then  poured  down  the 
holes  until  no  more  was  taken  in.  The  top  of  the  holes  was  some  20  to  30 
feet  above  the  water  level  in  the  river.  There  was  no  difference  between  the 
water  levels  above  and  below  ihe  barrage.  Thus,  not  only  was  the  grout  in- 
jected under  a  pressure  of  at  least  20  to  30  lbs.  per  square  inch  (the  maximum 
value  being  37  lbs.  per  square  inch),  but  there  was  nothing  to  cause  further 
water  to  mix  with  the  grout  once  it  had  displaced  the  water  originally  existing 
in  the  void  spaces  and  interstices  between  the  rubble  and  sand. 

The  success  of  these  operations,  and  their  effect  upon  the  prosperity  of 
Egypt,  are  the  really  important  facts  in  the  modem  history  of  Lower  Egypt. 
It  must,  however,  be  remembered  that  the  circumstances  were  extraordinarily 
favourable.  Mougel  Bey  was  certainly  one  of  the  most  skilful  French 
engineers  of  the  nineteenth  century,  and  his  designs  (in  view  of  their  date] 
must  be  considered  as  one  of  those  strokes  of  prophecy  which  Che  French 
nation  so  frequently  produces.  Had  Mougel  Bey  not  been  ordered  to  deposit 
a  certain  fixed  quantity  of  concrete  daily,  there  is  not  the  slightest  doubt  but 
that  he  would  have  constructed  a  barrage  capable  of  adequately  performing  all 
that  the  present  repaired  barrage  and  its  subsidiary  weirs  now  effect.  As  a 
proof,  it  may  be  stated  that  until  the  z6th  December  1909,  the  head  regulator  of 
the  Menufiah  Canal,  which  forms  paif  of  the  Delta  Barrage,  was  as  Mougel 
Bey  built  it,  and  performed  its  portion  of  the  work  of  the  barrage  satisfactorily. 
We  may  therefore  consider  that  the  grouting  merely  repaired  certain  accidental 
failiu«3  in  construction ;  and,  had  the  original  design  been  radically  bad,  no 
amount  of  grouting  would  have  produced  good  results. 

The  discoveries  made  during  these  grouting  operations  produced  a  certain 
distrust  (in  my  opinion  unwarranted)  of  the  barrage.  Mougel  Bey  had 
designed  the  barrage  to  produce  a  difference  of  13  feet  i  inch  in  the  water 
levels;  and  after. grouting  it  actually  had  sustained  14  feet  3  inches.  It  was, 
however,  decided  to  produce  only  9  feet  10  inches  difference  in  water  level  at 
the  barrage,  and  an  additional  10  feet  6  inches  by  a  subsidiary  weir  some  9000 
feet  downstream.    An  additional  "command"  of  6  feet  or  more  was  thus 

Sketch  No.  270  shows  the  design  of  the  weir,  which  is  only  economically 
justifiable  by  the  fact  that  the  financial  rewards  of  success  were  so  enonnous 
that  any  extravagance  was  permissible,  provided  that  a  real  success  was 
obtained  without  delay. 

The  core  wall  was  constructed  as  follows  {PJ.C.E.,  vol.  158,  p.  17}-  A 
wooden  Ir^me  (resembling  a  box  with  neither  top  nor  bottom)  33  fsct  9  inches' 
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by  9  feet  lo  inches,  and  from  19  to  36  feet  high,  was  formed  \ty  driving  grocps 
of  sheet  piles  3  inches  thick  and  4  feet  11  inches  (1*5  metre3}wide,  into  tbe  rivet 
bed.  This  box  was  lined  internally  with  sacking,  held  in  position  by  inMch 
boards  nailed  on  at  intervals  of  I  metre.  Four  perforated  pipes,  ;  inches  is 
diameter,  were  then  fixed  vertically  at  intervals  of  8  feet  a  inrhes  along  tbe 
centre  of  the  box.  The  box  was  then  filled  to  the  desired  depth  with  a  mixtnie 
of  rubble  stone,  with  20  per  cent  of  road  metal,  and  15  per  cent,  of  pebbles. 
The  proportion  of  pebbles  was  possibly  somewhat  too  great  to  yield  the  best 
results  ;  but,  per  contra,  the  wall  is  certainly  thicker  than  required. 

An  unperforated  s-inch  pipe  was  then  run  down  inside  two  of  the  5-inch  pipes, 
and  floats  adjusted  so  as  to  sink  in  water,  but  to  float  on  grout,  were  placed  in 
the  other  two.  Grout  was  then  poured  steadily,  and,  as  far  as  possible,  con- 
tinuously down  the  3-inch  pipes,  until  tbe  floats  indicated  that  there  was 
about  I  foot  8  inches  (0*5  metre)  in  the  other  5-inch  pipes.  The  3-inch  fillii^ 
pipes  and  floats  then  changed  places,  and  grouting  from  alternate  ends  was 


Sebtch  No.  370,— Weil  below  Delta  Banige. 

continued  in  this  manner  until  from  5  to  7  feet  (I'J  to  2  metres)  of  grant  had 
been  poured  in.  Work  was  then  stopped  until  this  bottom  layer  had  set  solid. 
Thereafter  grouting  was  carried  on  steadily  until  the  desired  height  had  been 
attained. 

The  pouring  was  thus  regulated  so  as  to  cause  the  grout  to  rise  uniformly 
all  over  the  area  of  the  box.  In  addition,  the  box  was,  as  far  as  possible,  made 
grout-tight.  It  will  consequently  be  erident  that  the  necessity  for  preventing 
tbe  grout  from  mixing  widt  the  water  was  fiilly  realised  ;  and,  laitance  being 
lighter  than  grout,  it  will  be  plain  that  any  laitance  produced  floated  np^  and 
finally  appeared  as  a  scum  at  the  top  of  the  box. 

The  work  was  quite  successful,  although  it  is  hard  to  see  how  a  wall  of  such 
magnificent  dimensions  could  possibly  fail,  unless  the  construction  was  radically 
bad,  and  almost  vile  in  quality. 

Let  us  now  consider  an  unsuccessful  piece  of  work.  The  Staines  leservw 
supply  channel  was  of  the  section  shown  in  Sketch  No.  369.  The  concrete  side 
considered  as  a  retaining  wall  was  avowedly  weak,  and  the  design  is  perfectly 
justified  once  it  is  realised  that  the  channel  ia  only  the  first  of  a  series,  and  dtat 
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it  will  later  be  lupported  on  either  side  by  additional  channels.  In  one  place 
the  channel  crossed  a  bed  of  peaty  soil  overlying  gravel,  carrying  water  which 
nrss  flowing  somewhat  rapidly  at  right  angles  to  the  line  of  the  channel.  The 
probability  of  failure  had  been  recognised,  and  special  designs  for  strengthening 
the  wall  were  prepared  as  soon  as  the  soil  was  exposed  in  the  excavation.  As 
a  matter  of  fact,  the  wall  did  not  fail ;  but  open  horizontal  joints  were  formed 
in  the  concrete,  due  la  the  cement  having  been  washed  out  before  it  had  set. 
It  was  therefore  decided  to  inject  grout,  and  to  see  whether  this  would  suffice. 
Grout  was  consequently  pumped  into  the  wall  and  soil,  under  a  pressure  of 
about  40  to  50  lbs  per  square  inch.  The  results  were  unsatisfactory ;  and  the 
«rall  was  repaired  with  brickwork,  and  was  strengthened  against  the  abnormal 
thrust  of  the  peat  by  jack  arches.  The  feilure  of  the  grouting  process  had  been 
predicted,  and  the  reasons  are  obvious. 

In  the  first  place,  it  was  impossible  to  prevent  water  flowing  from  the  gravel 
through  the  open  joints  into  the  channel,  while  the  grout  was  setting.  The 
grravel  was  apparently  traversed  by  a  stream  of  water  under  a  pressure  which 
was  greater  than  that  of  the  water  in  the  channel. 

Secondly,  the  joints  which  had  to  be  grouted  were  thin,  and  were 
horizontally  directed  ;  and,  in  consequence,  laitance  accumulated  in  a  layer  at 
the  top  of  each  joint.  Union  between  the  grout  and  the  horizontal  under  side 
of  each  block  of  concrete  which  roofed  a  joint  was  thus  prevented.  The  peat 
also  formed  a  very  efficient  filter  for  retaining  the  particles  of  cement. 

The  principles  of  grouting  work  are  now  plain.  A  viscid  liquid  is  dealt 
with,  which  docs  not  readily  fill  thin  cracks  (especially  if  they  are  horizontal), 
and  which  carries  on  its  surface  a  deposit  of  useless  scum  ("laitance").  Thus, 
grouting  is  only  likely  to  prove  successful  when  the  interstices  which  have  to 
be  filled  are  fairly  lai^e  (although  not  so  large  as  to  cause  the  grout  to  be 
drowned),  are  not  traversed  by  flowing  water,  and  are  not  roofed  by  flat  or 
concave  surfaces,  which  will  either  catch  the  laitance,  or  will  prevent  the 
grout  from  expelling  air  or  water. 

When  rough  rubble  stone  is  grouted  up  in  the  manner  described  above, 
the  volume  of  cement  used  is  about  35  to  40  per  cent,  of  the  volume  occupied 
by  the  stone.  In  coarse  sand  the  expenditure  of  cement  is  generally  slighdy 
less  (say  30  to  3;  per  cent.) ;  but  it  must  be  realised  that  to  satisfactorily  grout 
any  material  which  is  finer  grained  than  fine  gravel  is  a  difficult  matter,  and 
should  only  be  attempted  under  very  favourable  ciraimstances. 

If  regular  blocks  of  stone  are  fitted  together,  so  that  horizontal  joints  do 
not  occur  {e.g.  brickwork  laid  dry,  with  the  courses  inclined  at  45  degrees  to 
the  horizontal,  or  hexagonal  blocks  as  shown  in  Sketch  No.  270),  the  proportion 
of  cement  may  be  reduced  to  10,  or  even  6  per  cent.  It  is,  however,  obvious 
that  the  greatest  advantage  of  subaqueous  grouting  work  is  then  lost,  as  the 
blocks  must  be  laid  by  a  diver. 

Certain  small  scale  operations  (100  to  150  cube  feet)  of  my  own  enable  me 
to  state  that  this  procedure  will  produce  &r  more  satisfactory  results  than 
the  ustol  method  of  depositing  3  to  i  concrete  (actually  i  cement  to  4  of  sand 
and  aggregate)  in  bags.  The  dry  brickwork  is  not  easily  laid  so  as  to  fill  up 
irr^rular  cavities,  and  the  method  is  best  adapted  for  plugging  square  wells. 

AsTiPFciAL  Methods  of  producing  Imfbrmeablb  Concrete  or 
Mortar, — The  principle  underlying  these  methods  consists  in  mixing  some 
extremely  fine  grained  anbatance  with  the  cement,  or  mortar,  in  order  to  fill 
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the  void  spaces  which  probably  exist,  either  between  the  cement  grrvus,  or 
due  to  the  concrete  not  being  voidlessly  proportioned.  Theoretically,  I  beUere 
the  substance  should  be  a  colloid,  but  this  term  is  at  present  emidoyed 
somewhat  loosely. 

The  dangers  are  obvious.  No  doubt  the  substance  can  fill  the  vmda,  bat 
there  is  no  certainty  that  it  will  not  go  further  and  insert  itself  between  tbe 
particles  of  cement,  and  prevent  their  union.  Thus,  any  local  excess  of  the 
"filler"  may  produce  weakness,  and  tests  of  san^let  mixed  under  laboratory 
conditions  can  hardly  be  regarded  as  showing  what  may  happen  if  the  large 
scale  mixing  is  carried  out  nith  ordinary  commercial  care. 

The  typical  process  is  Sylvester's.  This  consists  in  producing  a  filler  by 
mixing  about  i  per  cent,  of  powdered  Castile  soap,  and  1  per  cent,  of  alum 
(reckoned  on  the  volume  of  the  cement)  with  the  cement.  The  mwtar 
inroduced  is  water-tight,  and  works  nicely.  I  have  been  accustomed  to  use 
the  process  regularly  when  building  brickwork  walls  in  hydraulic  lime  mortar 
for  fixing  gauging  notches,  and  these  walls  were  invariably  "drop  right,"  even 
under  the  most  refined  tests.  The  walls,  however,  were  always  propordoncd 
so  as  to  be  capable  of  resisting  the  water  pressure  even  if  the  mortar  possessed 
no  tensile  strength,  and  samples  of  the  mortar  taken  from  the  workmen's  pons 
were  invariably  5,  or  10  per  cent,  weaker  under  tensile  tests  than  similar 
samples  which  were  not  treated  by  Sylvester's  process.  In  careful  laboratory 
work,  however,  this  difference  did  not  occur.  The  standard  Indian  practice  is 
to  apply  the  Sylvester  process  to  a  i  inch,  or  3  inch  facing  layer  of  the  mortar 
only,  or  to  lay  the  face  course  only  of  a  brickwork  wall  in  Sylvestered 
mortar.  Even  under  this  restricted  application,  the  process  has  not  found 
much  favour,  and  is  usually  regarded  as  a  substitute  for  carefiil  workmanship 
in  tbe  whole  wall. 

Gaines  {Trans.  Am.  Soc.  of  C£.,'i<i\.yi,^.  16;)  has  proposed  the  following  : 

(a)  About  I,  to  2  per  cent,  by  weight  of  alum  in  the  water  used  for  inixiiig 
concrete,  or, 

(A)  To  substitute  finely  ground  powdered  clay  for  from  5,  to  10  per  cent, 
of  tbe  cement. 

if)  A  combination  of  both  processes. 

The  mortar  produced  is  far  more  impermeable  than  untreated  mortar  of 
the  same  proportions,  and  the  7,  to  iS  days'  tensile  tests  show  a  gain  in 
strength.  This  cannot,  however,  be  considered  as  ensunng  that  the  concrete 
thus  made  will  be  permanently  stronger,  since  high  initial  tensile  strength  is 
<rften  found  to  be  accompanied  by  a  comparative  decrease  in  strength  two  or 
three  years  after  making. 

The  present  state  of  the  question  a]^>ears  to  be  that  the  impermeability  of 
all  concretes,  or  mortars,  can  be  increased  by  an  admbcture  of  inert  fillers  of 
the  character  described  above.  In  small  works  which  are  carefiilly  inspected, 
where  impermeability  is  the  great  desideratum,  the  processes  may  be  employed 
with  advantage.  In  large  work,  until  further  experience  has  been  accumu- 
lated, the  risk  of  a  decrease  in  strength  is  too  great  to  be  lightly  undertaken. 
Reference  is  made  to  the  discussion  concerning  clayey  sands  on  page  973. 

Wtlls. — The  methods  employed  in  sinking  shafts,  or  tunnelling,  under 
water,  by  means  of  compressftl  air,  can  only  be  advantageously  treated  by  a 
specialist.  The  following  section  is  therefore  devoted  solely  to  the  considera- 
tioD  of  the  open  brickwoilc  well  used  in  India. 
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Sketch  No.  271  shows  a  typical  well  cnib.  The  brickwork  is  built  on  this 
curb  to  about  10  feet  high  ;  and,  when  set,  the  well  is  sunk  about  10  feet.  A 
fresh  height  of  brickwork  is  then  built,  allowed  to  set,  and  the  well  is  again 
sunk.  The  object  being  to  produce  a  cut-off  wall,  or  stop  against  percolation, 
tbe  well  is  square  in  section,  and  the  distance  between  adjacent  wells  should 


SXKTCH  No.  171.— Indian  WeU  Curb. 

not  exceed  6  inches.    The  methods  adopted  in  order  to  grout  up,  or  close  the 
space  between  two  adjacent  wells  are  discussed  on  page  983. 

A  well  of  this  design  can  be  sunk  in  sand,  if  fairly  free  from  boulders  or 
tree  trunks,  to  depths  of  30  or  40  feet  below  subsoil  water  level  by  removing 
the  sand  from  its  inside  with  a  Bell's  grab,  or  any  usual  type  of  small  dredger. 
Bell's  grab  being  adapted  to  work  close  up  to  the  comers  of  the  well  is  more 
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efficient  than  the  "  orange  peel "  shaped  grabs.  The  volume  of  *and  removed 
is  roughly  about  twice  the  volume  of  the  well,  and  this  fact  is  in  no  way 
disadvantageous,  since  the  sand  fbims  a  very  cheap  loading  for  the  well,  and 
the  quantity  removed  from  the  well  usually  suffices  to  produce  the  required  load. 

For  greater  depths,  or  for  gravel,  or  clayey  sand,  and  especially  tf  tree 
trunks  or  large  boulders  occur,  the  services  of  a  diver  are  usually  required,  or 
compressed  air  must  be  used  to  enable  the  bottom  of  the  well  to  be  excavated 
in  the  dry. 

The  usual  Indian  applications  of  wells  are  sufficiently  illustrated  by 
Sketches  Nos.  1S2,  193  and  300. 

The  Indian  well-sinkers  form  a  distinct  trade,  and  are  good  divers,  so  that 
difficulties  coimected  with  the  alignment  and  spacing  of  the  welts  but  rarely 
arise  in  India.  In  countries  where  well-sinkers  are  less  skilfiil  the  engineer 
must  be  prepared  to  send  a  diver  to  the  bottom  of  one  well  out  of  every 
twenty,  and  then  remove  a  cube  yard  of  material,  so  that  a  diving  dress  must 
be  provided. 

In  India  the  filling  of  these  wells  is  usually  effected  by  depositing  a  layer 
averaging  about  3  feet  in  thickness,  consisting  of  rich  hydraulic  lime  conciete 
laid  over  the  bottom  of  the  well.  When  this  has  set,  the  well  should  be  filled 
with  pure  sand,  or  weak  concrete,  and  this  covering  should  be  capped  with 
2  or  3  feet  of  arched  brickwork. 

Metallic  Construction  as  Applied  to  thk  Control  of  Watsk.— 
The  following  notes  may  appear  somewhat  disconnected,  but  when  the 
conditions  under  which  a  civil  engineer  procures  ironwork  at  the  present  date 
are  considered,  it  is  believed  that  they  will  be  found  to  contain  all  the  informa- 
tion that  can  be  utilised  with  advantage. 

Under  present-day  conditions  iron  structures  are  usually  manufactured  in 
large,  well  equipped  workshops,  employing  draughtsmen  who  should  be  &r 
better  able  to  design  the  details  of  ironwork  than  any  hydraulic  engineer.  If 
this  is  not  the  case,  the  hydraulic  engineer  has  selected  the  wrong  contractor ; 
and  his  best  efforts  will  probably  be  so  hashed  in  construction  that  the  final 
result  is  worse  than  the  contractor's  unaided  inefficiency  would  produce.  la 
certain  cases,  however,  hydraulic  engineers  are  still  forced  by  local  conditions 
to  construct  ironwork  (usually  small  structures  only)  locally.  In  these  cases, 
the  tools  and  workmen  available  usually  set  certain  limits  to  the  possible  con- 
struction. Thus,  the  problem  of  the  design  of  the  details,  and  possibly  even 
of  the  large  members,  is  not  so  much  the  selection  of  the  absolutely  best 
design,  as  of  the  best  design  that  can  be  constructed  by  the  available  tools  and 
labour.  In  such  cases,  therefore,  low  working  stresses  should  be  assumed  in 
calculation  ;  and,  in  particular,  ample  rivet  area  should  be  provided. 

In  making  sketch  designs  for  contractors,  however,  most  hydraolic 
engineers  appear  to  be  unaware  of  the  cheapness  of  planing,  or  surfacing  work, 
when  effected  in  a  we!!  equipped  machine  shop.  .\s  a  general  rule,  whether 
steel  or  cast  iron  work  (and  even  more  so  in  the  case  of  brass,  or  bronxe  work) 
IS  considered,  wood,  lead,  or  felt  packing  is  nowadays  quite  unnecessary,  and  a 
good  faced  metal  to  metalwork  joint  is  usually  quite  as  cheap,  and  is  almost 
invariably  well  worth  its  extra  cost.  This  remark  does  not  apply  to  grouted 
joints,  or  to  injections  of  grout  for  filling  up  cavities.  Cement  grout  is  a  good  pie- 
'.  of  metal  work,  and  can  be  renewed,  if  necessary,  during  ordinary 
is,  however,  obviously  inadvisable  to  design  a  joint  for  thin 
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lead  packing,  or  metal  to  metal,  and  to  afterwards  expect  an  injection  of  grout 
to  compensate  for  defective  workmanship.  Thus,  joints  wbicb  are  intended  to 
be  grouted  should  be  designed  with  that  object  in  view. 

The  following  peculiarities  of  hydraulic  construction  are,  however,  frequently 
not  entirely  realised  by  the  designers  of  ironwork,  and  are  therefore  set  forth. 
The  notes  are  divided  into  the  two  following  classes  : — 

Clasi  I.' — I  believe  that  these  peculiarities  are  absolutely  certain  facts,  and 
would  consider  myself  justified  in  insisting  on  the  modification  of  any  design 
that,  in  important  portions  of  the  structure,  was  not  in  accordance  with  these 
conditions. 

Class  II. — I  consider  that  these  peculiarities  are  important,  but  1  realise 
that  the  general  agreement  of  engineering  ofanioD  concerning  such  matters  is 
by  no  means  well  established.  Some  of  diem  may  therefore  appear  to  be 
merely  personal  fads.  In  my  own  practice  1  have  been  accustomed  to  consider 
all  of  them  as  of  only  slight  importance.  In  most  cases  they  arc  merely  matters 
to  be  discussed  with  the  draughtsman,  and  his  views  may  usually  be  accepted 
if  he  can  show  any  reason  for  their  adoption  beyond:  "That  was  how  1 
happened  to  put  it  on  the  paper."  Subject  to  these  refnarks  we  have  as 
follows ; 

Class  I.  (GencnU  Design).— Most  of  the  metallic  structures  employed  by 
hydraulic  engineers  are  of  such  a  size  in  relation  to  the  stresses  produced  that 
they  are  more  likely  to  be  delicient  in  stiffness  than  in  strength.  Thus,  the 
first  test  of  a  structure  is  concerned  with  its  deflection,  rather  than  the  stress  in 
pounds  per  square  inch. 

Unng  Inches  «•  the  Unit  of  Lei^ith. — C^cAVm.— Consider  a  structure 
loaded  in  a  manner  similar  to  an  ordinary  beam. 

Let  b,  represent  the  central  deflection,  in  inches,  in  the  direction  in  which 
the  load  acts. 

Let  j',  represent  the  angle  of  slope  of  the  beam  at  its  end. 

Let  /,  represent  the  span  in  inches. 

Let  I,  represent  the  moment  of  inertia  of  the  cross-section  of  the  beam, 
considered  in  (inches)*. 

Let  M,  represent  the  maximum  bending  moment  which  the  beam  has  to 
sustain,  in  inch-pounds. 

Let  E,  represent  the  modulus  of  elasticity,  in  pounds  per  square  inch.  E— 
38  to  30  million  pounds  per  square  inch  for  steel. 

The  case  of  a  simply  supported  beam  of  uniform  cross-section,  under  a 
uniform  load  of  w,  pounds  per  inch  run,  will  be  considered  in  detail.  We 
have; 

384  EI~48  El'  '~a4EI~3El'  smce  m=  g 
Now,  the  beam  is  assumed  to  support  plating,  or  other  water-tight  material, 
and  leakage  only  occurs  where  the  plating  is  not  continuous,  i.«.  at  the  supports 
of  the  beam,  where  presumably  the  plating  is  keyed  or  jointed  into  some  other 
water-tight  material.  The  strain  that  is  produced  at  these  joints  is  proportional 
to  iS  ;  where  S,  is  the  length  in  mcfaet  of  the  seating  of  the  beam  on  the  wall* 
or  support.  The  value  of  (5,  that  will  permit  troublesome  leakage  evidently 
depends  on  :— 

(d)  The  design  of  the  joint. 

(j)  The  worknumihip  of  the  joint. 
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but,  obviously,  if  these  factors  are  assumed  to  be  constant,  and  if  S,  is  assumed 
to  be  some  fraction  of  /,  and  the  volume  of  the  leakage  that  produces  troubte 
is  also  assumed  to  be  proportional  to  /,  the  value  of  -%  forms  a  fair  measure  of 

the  powers  of  the  structure  (o  resist  leakage. 

The  value  usually  found  in  existing  hydraulic  structures  is: 


8M/S  I  «    u/      EI  , 

384  EI     7x384  S6tS       ^^ 

Thus,  for  simply  supported  beams,  I  = 

Similarly,  for  a  beam  the  ends  of  whicji  are  built  in  so  as  to  make  1=0,  we 
find  that  I  =  -^^. 

The  formula  for  a  simply  supported  beam  under  a  central  load  of  W, 
pounds  are  r 

.^  W/»  ^^P  ■=  w/*  =  M£. 

48EI     12ET  '     i6Ei    4EI' 

smce  m  this  case  M=  — . 

We  thus  get,  I =-'^'    . 
"  125,000 

These  formulae  must  be  applied  with  judgment,  but  the  process  of  checkii^ 
a  design  in  the  manner  thus  indicated  may  be  applied  with  advantage  not  only 
to  the  whole  beam  spanning  an  opening,  but  also  to  those  comfKinent  members 
of  a  trussed  girder  which  support  plating,  01  other  water-tight  skins. 

Where  the  designer's  details  are  well  thought  out,  as  for  instance  in  a  case 
where  stanching  rods  are  used,  or  the  seats  of  the  beams  are  supported  on 
spherical  bearings  (see  Sketch   No.  379),    I    have    passed    such  values    as 

!=      -_-,  in  a  simply  supported  beam  under  uniform  load. 

When  cast  iron  is  used,  E=  14,000,000  approximately. 

Thus,  I— -—  for  a  simply  supported  beam,  and  1= for  a  built- 

'       aoOgOOo  V 1      vv  1  1,000,000 

in  beam,  and  this  last  formula  can  rarely  be  affiled,  owing  to  the  weakness  of 

Strength  of  Structure.— T^k  above  rules  usually  lead  to  a  structure  which 
is  of  ample  strength.     In  addition,  the  following  rules  require  consideration  : 

Mo  metal  exposed  to  water  should  be  less  than  ^th  of  an  inch  thick,  and, 
unless  the  metal  can  be  painted  and  examined  at  very  frequent  intervals, 
this  thickness  should  be  increased  to  fths  of  an  inch.  Also,  most  faydraolic 
structures  contain  bolts,  and  any  bolt  less  than  }th5  of  an  inch  in  diameter  is 
liable  to  be  strained  by  unduly  vigorous  tightening.  Thus,  all  memben  whid) 
contain  bolt  holes  must  be  at  least  fths  of  an  inch  thick,  and  3  inches  wide. 
Consequently,  quite  apart  from  stress  calculations,  anything  smaller  than  a 
2}  incb>C2i  inch xf  inch  angle,  or  a  3  inch xf  inch  fiat,  is  tiBusnaL 
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I^  however,  stress  calculations  become  of  importance,  the  values  of  the 
working  stresses  may  be  taken  from  the  table  given  below,  subject  to  the 
following  remarks  : 

The  absolute  values  may  be  objected  to,  and  for  good  material  and  first 
class  workmanship  I  have  myself  used  values  33  per  cent,  in  excess  ;  and  for 
important  and  badly  inspected  structures  values  20  per  cent,  in  defect,  when  I 
considered  that  general  circumstances  Justified  their  adoption,  but  I  believe 
that  the  following  principles  should  always  be  bome  in  mind  : 

(i)  Owing  to  the  fact  that  water  loads  (excluding  water  hammer,  wave 
action,  and  shocks  by  floating  bodies)  produce  no  impact  stresses,  members  in 


Sketch  No.  373.— Sloney  Sluice  Bearings. 


compression  require  a  larger  factor  of  safety  than  members  in  tension  (pro- 
vided that  the  rivet  holes  in  these  latter  are  either  drilled  or  teamed  out  after 
punching). 

(ii)  In  order  to  prevent  leakage,  the  shearing  area  of  the  rivets  should  be 
relatively  greater  than  the  bearing  area  when  hydraulic  work  is  compared  with 
bridge  work. 

(ii)  Tensile  Stresses — 

Steel  .  11,000  to  13,500  lbs.  per  square  inch,— the  larger 

value  being  used  when  shock  is  entirely  absent; 
Cast  iron  .     1850  lbs.  per  square  inch. 
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(*)  Compressive  Stresses— 

Steel    .        .        .     Pin  ends,  11500— 44-lb3.  persquareiDch. 

„     .        .        .      Flat  ends,  11500— 30 -lbs.  per  square  inch. 
In  neither  case  should  the  stress  exceed  1 1,000  lbs  per  square  inch,  and  - 
should  never  exceed  1 50,  where  /  is  the  length,  and  r  the  radius  of  gyratioD  = 
^ of  the  member  considered,  in  inches.   This  value  may  appear  much  less 

than  the  corresponding  tensile  stresses,  but  it  must  be  remembered  that  the 
absence  of  shock  in  hydraulic  works  does  not  materially  assist  Ions'  columns. 
Cast  iron  .        .        .     10,000  to  11,000  lbs.  per  square  inch.    Cast  iron 
should  not  be  used  for  long  columns. 

Riveting  Stresses — 
Shear        .        .        .    9,000  lbs.  per  square  inch. 
Bearing'     .        .        .     15,000  lbs.  per  square  indi. 

Bearing  Pressures. — The  question  of  the  bearing  pressures  produced  1^ 
water  loads  now  deserves  consideration.  These  are  generally  very  lai^  rela- 
tive to  those  occurring  in  ordinary  construction.  Thus,  300  lbs.  per  square  foot 
is  a  very  heavy  load  in  bridge  work,  but  a  pressure  of  300  lbs.  per  square  foot  is 
attained  in  water  at  a  depth  of  5  feet,  and,  if  allowance  is  made  for  the  fluctoa- 
tions  of  the  water  level,  is,  practically  speaking,  the  smallest  intensity  of  load 
ever  considered  ;  while  such  pressures  as  6000  lbs.  per  square  foot  are  by  no 
means  unknown. 

Thus,  the  pressures  on,  and  consequently  the  frictional  forces  resisting'  the 
motion  of,  sluice  gates  and  valves,  are  very  large. 

The  principle  of  the  balanced  valve  can  obviously  be  applied  to  such  heads 
as  50  or  100  feet  of  water. 

If,  however,  an  ordinary  sluice  gate  is  considered,  the  complications  attend- 
ing the  use  of  a  balanced  valve  are  plain.  Thus,  in  the  usual  design  the  heavy 
pressures  are  accepted  as  a  fact,  and  endeavours  are  made  to  minimise  the 
coe6Scient9  of  friction.  The  coefficient  of  friction  of  metal  on  metal  is  about 
0*15  to  o'zo  for  machined  surfaces  under  water  (not  rusted) ;  but,  unless  the 
sluice  gate  is  frequently  moved,  sticking  may  occur.  In  practice  it  appears 
inadvisable  to  design  the  gearing  which  opens  the  sluice  gates  for  stresses  less 
than  those  produced  by  a  force  resisting  motion  of  one  half  the  total  pressure 
on  the  gate  (i>,  coefficient  of  friction =o' 50).  The  ordinary  power  required, 
however,  will  not  greatly  exceed  two-fifths  of  that  calculated  on  this  assumption. 

As  a  rule,  the  gate  is  mounted  on  wheels.  Since  the  greatest  force  is 
required  to  start  the  motion,  the  initial  friction  should  be  diminished  as  for  as 
possible.    Roller  bearings  faasi  the  best  solution. 

Bail  bearings  have  also  been  used,  but  invariably  give  trouble  by  corrosion, 
not  at  the  point  of  contact  of  the  balls  and  the  ball  races,  but  at  a  small  distance 
away  from  this  point  As  this  action  may  occur  even  in  ball  bearings  which 
are  filled  full  of  vaseline  and  are  not  exffosed  to  water,  it  appears  impossible  to 
prevent  it 

Owing  to  the  slow  speed  at  which  sluice  gates  and  other  hydraulic  machinery 
move,  the  important  value  of  the  coefficient  of  friction  is  that  which  occurs 
when  starting  motion.    According  to  Stribech  {Zlsekr.  D.T.  K,  1903,  p.  1464) : 
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Let  s  be  die  total  aumbci  of  rollers,  b  iDches  in  lenjfth,  and  d  inches  in 
diameter,  which  carry  a  total  load  trf  P  lbs,  from  a  shaft  of  r  inches  radius. 
Then,  the  maximum  pressure  is  given  by 
t  p 
p = Tjj  lbs.  per  square  inch, 

and  the  moment  resisting  motion  is  given  by : 

M  =  1-2  P/-^  inch-lbs. 

where  Do  =  2r+— , 

p=      42  70  106  142  2i3lbs.  persq.  tncK 

/=o'ooi8  o'ooi3  0*0011  ox)oo9  o-oo5?  inches, 

these  values  also  hold  very  approxiinately  for  initial  ntotion. 
The  safe  working  load  in  pounds  is  given  by  Le  Guem  : 

{D  +  K"xio}'xi4 
When  D  >-  diameter  of  roller  in  inches. 

K=coefiicieat  (given  in  the  following  table)  i 


Dia. 

K 

Dia, 

K 

Dia. 

K 

t 

O'l 

^ 

0 

625 

I> 

ITS 

0-I75 

A 

0 

7 

1 

1-335 

! 

V 

** 

vi 

'-3 

I -3  75 

0-4 

\% 

0 

925 

^•45 

0-475   . 

I 

I 

0 

^■525 

• 

o-SS 

^tV 

1-075 

^\ 

The  Stoney  sluice  is  a  well-lmown  device.  The  live  roller  train  reduces 
the  total  friction  either  initial  or  during  motion  to  about  i  per  cent  of  the  water 
and  dead  load.  Sketch  No.  272  shows  the  details  of  stanching  rods  and  loUer 
trains  found  in  modern  work. 

-The  contrast  between  Fig.  i,  which  is  adapted  to  a  gravel-bearing  river,  and 
Fig.  3,  which  shows  modern  Indian  practice  in  rivers  carrying  fine  sand  ooiy,  is 
instructive,  and  should  be.  followed  in  future  designs. 

Class  II.  (Special  Ccaea).  —In  all  gearing  work,  worms  seemt  to  be  preferable 
to  toothed  wheels.  It  would  appear  that  the  slight  sliding  motion  that  occurs 
in  a  worm  and  wheel  is  more  effective  in  preventing  rust  than  tbe.rolling  of  one 
tooth  over  another,  such  as  occurs  in  toothed  wheels. 

For  securing  water- tightness  I  have  been  accustomed  to  rely  mainly  on 
ttanehingreds  (Sketch  No.  273],  a5t:3ed  in  Stoney  gates.  A  wooden  stanching 
rod,  weighted  with  lead  or  iron  at  the  lower  end,  litting  roughly  into  a  brickwork 
and  wooden  groove,  will  be  found  very  effective,  provided  the  wooden  rod  is  not 
too  rigid. 

In  cases  where  stanching  rods  are  not  advisable,  a  metal-to-metal  fitting  of 
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the  sluice  gate  to  «  rigid  cast  irao  bearing  pUte  appears  to  be  tlie  best  design. 
Spherical  seated  bearing  plates  rapidly  become  useless  when  submerged. 

Plating. — The  joints  of  plating  are  not  generally  exposed  to  tensile  stresses, 
and  should  be  designed  according  to  the  rules  for  boiler  work. 

Leakage  has  been  successfully  prevented  with  far  less  rivet  work  by  pacldng 
each  joint  before  riveting  up  with  tape,  well  covered  with  red  lead.  The 
practice  has  been  permaneDtly  successful  in  tlie  case  of  gas  holders,  where 
the  conditions,  apart  from  the  pressures  sustained,  arc  quite  as  exacting 
(possibly  more  so)  as  in  sluice  gates.  In  sluice  gates  the  process  is  apparently 
new,  and  one  gate  thus  caulked  certainly  leaked  badly  ten  years  after  installa- 
tion. The  plating  of  sluice  gates  may  be  proportioned  either  for  strength  or 
for  deflection. 

Plating  of  Gates. — The  fbllowing  investigation,  in  so  far  as  it  concerns  the 
thickness  of  plating,  may  be  regarded  as  applicable  to  such  slnice  gates  as 
occur  in  irrigation  and  power  canals.  These  gates  are  woriced  under  the 
following  conditions  : 

(a)  Should  the  plating  become  entirely  corroded,  temporary  repairs  can  be 
made  with  wood  or  doth  packings ;  and  opportunities  for  permanent  repairs 
occur,  at  the  very  worst,  at  least  twice  a  year. 

(p)  The  gates  can  be  overhauled  and  inspected  in  the  dry  at  least  once  a 
year.  Under  circumstances  such  as  occur  in  sluice  gates,  closing  the  draw- 
off  timnels  of  reservoirs,  or  the  filling  gates  of  locks,  the  question  of  possible 
failure  by  corrosion  is  important,  and  an  ample  margin  in  excess  of  the 
thickness  indicated  below  must  be  allowed. 

The  plating  of  a  sluice  gate  may  be  considered  as  continuous  over  two 
spans,  between  three  stiffeners,  at  least ;  and  as  subjected  (except  in  the 
plating  close  to  the  water  surface)  to  a  unifomi  load  of  0*43  D,  lbs.  per  sqtiare 
inch,  where  D,  is  the  depth  in  feet  below  the  water  surface,  measured  either 
to  the  centre  or  bottom  of  the  interval  between  the  three  stiiieners  considered. 

Let  /,  represent  the  thickness  of  plating,  in  inches. 

/,  the  span  of  the  plate  between  the  stiffeneis,  or  cross  girders,  in  inches. 

The  deflection  9  is  represented  by  : 

.    2'04/'xo'43D  X  12 
E/' 
where,  £,  is  the  elastic  modulus  for  steel ;  that  is  to  say,  38  to  30  million  pounds 
■per  square  inch.  _ 

Hence,  if  ft--,  we  get:  ~K~  ' 

where  we  have : 

«=5oo        1000        1500        aooo        2500        3000 
K-129  103  89  83  75  71 

Similarly,  if  the  plating  is  not  continuous  over  two  spans,  but  is  fixed  at 
■each  support,  we  obtain  a  similar  equatkin  : 

/-^^f  where  K,-ra6K 

So  also,  for  strength,  we  have,  if/  be  the  stress  on  the  plating  in  pounds 
.per  square  inch,  reckoned  without  deductions  for  rivet  holes  :— 

(i)  Plating  continuous  over  two  spans : 
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Oi>  Pteiiiig/BM'ContiaBaasi  bntlbted  w  tM-ends  of  each  span '. 
/={^,  where  Ni  =  r33N 

and  the  values  of  N,  are : 

y»  loooo     12500     15000    17500    zoooo  lbs,  per  square  inch, 
N  -      175        '96        2"S        232        248 
As  an  example,  take'D:t>  12  feet,  tt—1000,  and/'=^  inches. 

Thus,  we  get /=-*^i?Lnmches=^=]4iuichcs, 

and  for  this  valiiftot^,-Nc'^'' '    ■  ■"-44'8x3-4fr=.iS5jOi:t/-88so  Ibk.  pw- 

square  inch,  approximately. 

Allowing,  for  rivet  holes,  the  Stress  in  the  plates  at  the  line  of  rivets  over 
the  centre  girder  is  probably  about  10500  lbs.  to  1 1000  lbs.  per  square  inch. 

3'46 


Uwe  talw/oiasoo,  iweg^/->-;-|><i7-S'incbes, 
id  [K=-"  '-■■  ■  x3'a9^s6x2'z9'gi29(iC0ii»Bpoodilig.to  a  >deflecli(w* ofir - 


500' 
or  0035  inches. 

For- the  portion  of  tbe^platingjiewt  the  top.oCtbe  tank,  or  «hiicc  gate,  wfatre 
the  variation  in  water  toad  as  the  depth  increases  must  be  taken  into  account, 
we  have  a  Somewhat  different  set  of  equations  ; 

whereD  is  now-measured  to  the  centre  of  the  span  of  plating,  the  upper  end 
of  wfaicfaHs  assiAned  to  lie  at  the  water  surface. 

It  wiH  be  fohnd  that  the  siifFness  entirely  fixes  the  thickness  of  the  plating, 
until ;  ' 

W  K 

which,  even  under  such  abnormal  conditions  as/»loooo  lbs.  per  square  inch, 
«=Soo,  giyei: 

D*"**-~|=»r3fto''0=6'oei*aet,i 
while  the  more  reasonable  conditions,^^  12500  lbs.  per  square  inch,  it=  1000,  , 
give: 

D''i"=i-94,  or  D  =  S3  feet. 

Also,  the  thickness  of  the  plating  at  the  water  sur&ce  should  be  sufficient 
to  sustain  shocks  flrom  floating  bodies. and  ice-thrust,  if  these  are  likely. to 
occur. 

Sfi'mmisg  up: — It  appears  advisable  to  proportion  the  plating. wholly  by. 
considerations  of  stiffness,  and  to  make  the  absolute  deflection  under  the 
water  load  about  — -  at  the  most. 

Framing  of  Gaiei.—Tht  p)atiog  which  forms  the  outer  skin  of  sluice  gates 
and  water  tanks  is  usually  supported  on  stifTeners.  In  general,  these  are  made 
of  1  or  channel  beaiM,  and  Hn  bydraultc  work  are  usnatlybest  propoftitmed  by 
stifiJMMi'  The  rnln  given  onpage  988  biay  be  followed  for  sluice  gates.  In 
tanks,  or  gates  provided  with  stanching  rods,  less  stiffness  will  usually  be  found 
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sufficient;  and  the  rale  M/^ijc^oooI  will  gcnemlly  ^ve  food  results,  provided 

the  strength  is  sufficient. 

Framed  Stifftners.—1\ib  stresses  in  a  trussed  frame  stiffener  can  be  ascer- 
tained by  the  ordinary  rules.    The  stifthess,  however,  is  important. 

Let  8,  represent  the  deflection  in  any  given  direction,  at  any  point  R, 

Let  /,  be  the  length  of  any  member  of  the  truss,  in  iqches. 

Let  /,  be  the  stress  in  pounds  per  square  inch  existing  in  this  member, 
under  the  load  that  produces  the  deflection  at  the  point  R. 

Let  u,  be  the  stress  produced  in  this  member  by  a  force  of  one  pound, 
applied  at  R,  and  acting  in  the  direction  in  which  3  is  meastned. 

Then,  we  have  8=-^-- 

where  the  summation  extends  to  every  member  of  the  truss,  and  the  signs  of 
f,  and  u,  must  be  taken  into  account  That  is  to  say,  on  the  usual  convention, 
ft  and  w,  are  positive  when  they  represent  compressive  stresses,  and  negative 
when  they  represent  tensile  stresses.  Thus,  for  example,^,  compressive,  and 
u,  compressive,  gives  a  positive  term,  and  also  f,  tensile,  and  it,  tensile  ;  while 
f,  tensile,  and  u,  compressive,  gives  a  negative  term. 

As  a  rule,  Ifae  central  deflection  does  not  exceed  ^~  >n  successfiil 
e&amples,  but  the  connection  between  the  central  deflection  and  the  liability 
to  leakage  is  plainly  not  so  close  as  in  simple  beams  under  uniform  load. 

Water  Towers, — The  use  of  elevated  tanks  as  service  reservoirs  is  quite 
common.  The  principles  concerning  the  hydraulic  design  of  these  tanks  are 
treated  under  Service  Reservoirs  (seep.  612).  The  following  notes  are  oon- 
cemcd  solely  with  the  general  form  of  the  tank ;  and  although  the  actual  wording 
refers  to  steel  plate  tanks,  the  stresses  found  and  the  principles  laid  down  are 
equally  applicable  to  tanks  built  of  reinforced  concrete. 

Sketch  No.  373  shows  the  ordinary  forms.  The  circumfiuential  stress  (m 
the  cylindrical  portion  is  : 

T'=o-43DR  lbs.  per  lineal  inch.    ^iDcbea.) 
where  D  is  the  depth  below   the  top  water  level,  in  feet,  and  R  is  the 
radius  of  the  tank,  in  inches.    The  details  concerning  the  usual  stresses, 
minimum  thickness  of  plating,  and  workmanship  in  general,  have  already  been 
considered. 

The  stresses  in  the  bottom  of  the  tank  are,  however,  somewhat  more 
complicated. 

Consider  any  point  P  (see  Sketch  Na  Z73).  I-et  the  tangent  to  the  bottom 
plating  at  P,  make  an  angle  a  with  the  horizontal.  Let  r,  be  the  distance  of  P, 
from  the  central  axis  of  the  tank,  in  inches.  Let  W,  be  the  total  weight  of 
water  and  metal  which  lies  on  the  farther  side  (from  the  supports)  of  P. 

Then,  the  total  stress  per  lineal  inch  in  the  plating  in  a  radial  directi<ai 
(relative  to  the  axis  of  the  tank)  is  given  by  : 

,^= . —  lbs,  per  Ibeal  inch. 

In  addition,  a  circumferential  stress  r  exists  in  the  plating. 
Put  p  for  the  radius  of  curvature  of  the  diametral  section  of  the  bottom  of 
the  tank,  in  inches. 
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where  D  is  the  depth  in  feet  below  top  water  level 

In  the  only  two  cases  which  it  is  proposed  to  consider  we  have  : 
{a)  Tanka  with  spherical  bottoms.    pTadius  of  the  sphere. 
iP)  Tanks  with  conical  bottoms.        j]=iii6nit7. 
The  signs  require  carefiil  consideration.     If  we  denote  compression  by  a 
positive  sign,  and  tension  by  a  negative  sign,  the  sign  of  cr^iTi  is  always  the 
same  as  that  of —Ti—, 

In  Sketch  No.  273  the  following  fovr  cases  arc  shown  : 


/ 


^ 


^      }f^. 


Skktch  No,  373.— Strenet  b  Water  Tower  Plalii^. 

(See  Hutte,  vol.  iii.  p.  231.    The  sign  conventions  are  different,  but  the  various 
cases  are  s<dved  in  dctul  for  a  spherical  bottom.) 
We  have  for : 
(a)  Tanks  with  spherical  bottoms.  p — r  cot  a. 

{b)  Tanks  with  conical  bottoms.  -—a 

Thus,  a  and  r  can  be  obtained. 

The  portion  of  the  bottom  near  the  supports  also  requires  consideration. 
This  position  is  exposed  to  a  ra^ally  directed  load,  which  produces  a 
circumferential  compression : 

P^WiO'"!  lbs.  (see  Fig.  No.  i) 


W,< 


tOj— W|COtai 


lbs.  {see  Fig.  No.  4) 


according  as  the  supporting  ring  is  at  the  outer  circumference  of  the  tank,  or  at 
some  distance  less  removed  Irom  the  axis  of  the  tanV. 
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According  to  Halphen'g  investigation  IFonctiotts  £HipHgu4i)  the  ring  will 
preserve  its  form  if : 

Pj  be  less  than  ^^ 

where  a=r^  cot  oj,  oj,  r^  cotoj,  whiche,ver  is.lljo  gr<i»^r-  /is  a.fsvctor.  of  safety. 
I  is  the  moment  of  inertia  of  the.  diametral  sectioii,pf.thexijig.ia  (inches)*,  and 
E  =>  soiogp.ooo  lbs.  per  square  indi. 

The.  entire  sufficiency  of  this  lastfoimj^a  is  open.to  dflH^  Ttic  ditnenfitpiu 
are  usually  determined  by  the  fact  that  the  whole  ring  has  to  afford  sufficient 
bearing  area  on  the  masonry  for  the  load  W„  or  Wi+Wt,.and  in  good 
examples/isusually  abqiU  4,^aUhougb,it.i3.  inyij^obajile  ^t  the ^engBfti used 
the  above  formula. 

The  principle  of  supporting  a  water  tower,  not  at  its  outer  edge,  but  some- 
where about  the  middle  of  each  radius,  is,  however,  a  good  one.;  and  Intie's 
designs,  which  make  the  inner  portion  spherical  and  the  outer  portion  conical, 
and  W,  cot  a^  nearly  equal  to  Wt  cot  a^  produce  a  very  pretty  result 

The  possibility  of  making  o- and  r  tensions,  or  compressions,  at  choice,  enables 
other  advantages  to  be  secured.  For  example.  Case  III.  is  very  .well,  adapted 
to  designs  in  reinforced  concrete,  while  Case  IV.  is  better  fitted  for  tanks 
constructed  of  thin  unstifTened  plates. 

Similarly,  if  a  rectangular  tank  is  considered  advisable,  the  suf^mrts  should 
'  be  fixed  by  the  fallowing  condition  : 

Central  bending  moment  in  the  central  span  of  the  bottom  beam  of  the 
tank=bending  moment  in  the  projecting  cantilevers. 

The  only  possible  objection  to  these  principles  lies  in  the  fact  that  tbf  gwiod 
stresses  in  the  supporting  columns  may  be  increased.  As  a  .rule,  howcNrer,  no 
difficulty  arises  from  this  cause,.and  wind  stresses  are^usually  only  of  Tital 
importance  relatively  to  the  statical  load  stresses  in  small  fanks. 
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TABLES 

Thr  foUowfrfg  l^bles,  if  used  in  conjunctidu  with  Diagrains  Nos.  i  to  lo 
and  tke  ordinary  tables  of  powers  and  kku -employed  by- engineers,  will 
be  (bind  to^ive'&Il  the  information  requited  "In' hydraulic  i^lculations. 


LIST  OF  TABCES. 

No.  I.— VELOCITVHKAD!(=—Xftoiae=0'ototo5iS-oreet  per  stated 

No.  3.-^Valvis  OF  H     ,'froin  li=:0'OOlo  Hsznga    .... 

No,  3-— Values  OF  H*'*,  froi»H=o'40loH=i70     . 

No.  4.— Adxiliarv  Values  for  SoLUTtoN  ofKOttbr's  Formula 

No*.  sande.'-^SkHSB's  BACKWAfH  Function  Ai4tt  Bussb's  D^opdowh 

Function      .  ..  .       ,  ,. 

No.  7.— Punjab  'Watulcouksbs         ....  .  . 
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TABLE  NO.  I.— VELOCITY  HEAD  FOR  USE  IN 
WEIR  CALCULATIONS 


B  OF  H  =— ,  OR  Heads  due  to  Vbix)cities 

FROM  O  TO  499  FEBT  PER  SECOND. 


Vdodly 

Velocity 

in  Feet  pet 
S«cond. 

Head  in  Feet. 

'"s:^ 

HeadinFeet. 

o 

Q 

o-oooo 

"'5 

0-0972 

o 

o'oooa 

2-6 

0-105 1 

o 

O'ooo6 

3-7 

0-1133 

o 

3 

0*0014 

2*8 

o*t3i9 

0 

4 

o'ooas 

3-9 

0-1307 

o 

5 

0-0039 

o 

6 

0-0056 

3-0 

0-1399 

0 

7 

0*0076 

3*> 

0-1494 

o 

8 

00099 

3-a 

o*i59a 

0-9 

0'0I36 

3"3 

0*1693 

3'4 

0-1797 

35 

0-1904 

i"o 

O-0I5S 

3-6 

■  6*2015 

!■! 

00188 

37 

0-3128 

1-2 

0'0324 

3-8 

0*2  34S 

1-3 

0-0263 

3-9 

0*2365 

I '4 

0-0305 

I'S 

0*0350 

4-0 

■       0-3487 

1-6 

0-0398 

4> 

0-2613 

1-7 

0-0449 

4-3 

o-374a 

1-8 

0-0504 

4'3 

0-2875 

1-9 

0-0561 

4'4 

03010 

4-5 

0-3148 

4-6 

0*3390 

0*0633 

4*7 

03434 

3-1 

0-0686 

4-8 

0-3582 

2-a 

0-0753 

49 

0-3733 

'■3 

0-0833 

a '4 

00895 

S-o 

0-3885 

Thia  table  is  based  on  i/=64'32 ;  and,  if  the  usual  ^=64*4  be  used,  die 
founh  place  of  decimals  will  be  found  in  error,  being  about  one  unit  too  h'gb 
from  p— 2-6  to  i'—3'6,  two  tinits  upto  V:3  4-4,  and  three  units  beyond. 

A  more  complete  table  by  hundredths  of  a  foot  in  v  is  given  by  Horton 
(Weir  ExptrimaUs)  and  others.  Reference  is  made  to  page  15?  of  Horton's 
treatise  for  a  complete  bibliography  concerning  weir  tables. 
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TABLE  NO.  3.— VALUES  OF  h" 


H 

jjlS 

H 

H^* 

o-oo 

0.0000 

0-40 

02530 

0-41 

0-2625 

o'oa 

0-0028 

:    0-43 

0-2722 

003 

0-0052 

0-43 

0-2830 

o'04 

o-ooSo 

0-44 

0-3919 

0-05 

o-oiiz 

0-45 

0-3019 

o-o6 

O-0I47 

046 

0-3120 

0-07 

0-0185 

0-47 

0-3232 

0-08 

0-0326 

0-48 

o'3325 

0-09 

0-0370 

049 

03430 

0 

10 

0-0316 

0-50 

03536 

0 

II 

0-0365 

0-51 

0-3642 

0 

12 

0-0416 

052 

0-3750 

0 

13 

00469 

053 

0-3858 

0 

14 

0-0524 

0-S4 

0-3968 

0 

IS 

0-0581 

o-SS 

0-4079 

0 

16 

0-0640' 

0-56 

0-4191 

0 

17  - 

00701 

0-S7 

0'43O3 

0 

18 

0-0764 

058 

0-4417 

019 

0-0828 

o"59 

0-4532 

0*20 

0-0894 

o-6o 

04648 

0'3I 

0-0962 

o-6i 

0-4764 

0-32 

a  1033 

062 

0-4882 

023 

0-1103 

0-63 

0-5000 

0-24 

0.1176 

0-64 

0-5120 

0-1250 

0-65 

0-5340 

o-z6 

0-1326 

0-66 

0-5362 

0-37 

01403 

067 

0-5484 

o-aS 

0-1482 

068 

0-5607 

0'39 

0-1562 

0-69 

0-5732 

030 

0-1643 

0-70 

0-5857 

031 

0-1726 

071 

0-5983 

0-33 

01810 

0-72 

0-6109 

o'33 

01896 

073 

0-6337 

0-34 

01983 

0-74 

06366 

o"3S 

0-2071 

0-75 

0-6495 

0-36 

0-2160 

0-76 

0-6636 

0-37 

0-2251 

077 

0-6757 

0-38 

0-2342 

0-78 

0-6889 

0-39 

02436 

0-79 

07023 

c.s.,=ji,C(X)glc 


looo  CONTROL  OF  WATER 

Table  No.  n—contimud. 


H 

jjlB 

H 

H^' 

o-8o 

o'7i55 

1-20 

I  •3145 

o-«i 

0-7290 

1'21 

■■i3"> 

0-82 

o'74i5 

>"3475 

083 

07562 

1-23 

.•364. 

084 

07699 

1-24 

.•3808 

0-85 

07837 

las 

13975 

086 

07975 

1-26 

1-4I44 

..■87 

0-8I1S 

V31 

I'43I2 

o'88 

Q-82SS 

I -28 

.■4*82 

0-89 

08396 

1-29 

1-4652 

0*90 

0-8538 

r-30 

.4822 

0-91 

0-8681 

»-3' 

I '4994 

0'92 

0-8824 

K7,i 

1S166 

0'93 

0-8969 

1-33 

.5338 

094 

0-9114 

1-3.4 

■S5>2 

0-95 

0-9259 

I '35 

15686 

0-96 

09406 

.,■36 

15860 

0-97 

0-9553 

1-37 

■■6035 

0-98, 

0-9702 

•;38 

1'621I 

o"99 

0-9850 

I '39 

1-6388 

roo 

I'oooo 

1-40 

■•Ss4s 

I  01 

10150 

1-41 

"■$743 

I  0302 

1-42 

1-6921 

I '03 

104S3 

1-43 

I -7 100 

i'o4 

10606 

1-44 

1-7280 

1-05 

I-C7S9 

::ji 

1-7460 

1:06 

I  0913 

.-764. 

1-07 

1-1068 

i'47 

1-7823 

108 

1-1124 

1:48 

1-8005 

109 

1-1380 

i;49 

1-8188 

110 

1-1537 

ISO 

18371 

I'lr 

1-1695 

I  51 

■■8555 

112 

1-1853 

152 

1-8740 

'"•3 

I'20I2 

■■53 

1-8925 

I-I4 

1-2172 

■•54 

1-9111 

ri5 

1-2332 

■'55 

1-9297 

ri6 

I  2494 

I'S* 

1-9484 

ri7 

1-2656 

•"57 

1-9672 

r-i8 

i-z8i8 

158 

1-9860 

119 

1-2981 

159 

2 -0049 

„C(X)glc 


Tablb  No.  i—eonHimed. 


H 

';'■*•"  '   '■! 

H      ■  ' 

'::;.«'■', 

Ifk, 

2-oa38 

,-80 

2-4150 

I-6I 

2-0429 

1-81 

"•435" 

.«> 

a'o6i9 

t-82 

2-.US3 

.     ■■63 

2'o8io 

■■83 

2-4756 

r-64 

2'1002 

1-84 

"■49S9 

I '5 

2-1 195 

■85 

2:5.63 

1-66 

2-088 

2-JS8I 

;i-86 

f-87 

2-S72 

IBS 

2-I775 

t-88 

2-.5777 

11S9 

■      a-iMo 

"■•89.. 

25983 

1:70 

2-.2I65 

i-9i 

2-6.90 

■1.71 

2-2.36. 

r9i 

2-6397 

:■.•»     ■ 

,      2-3JS8 

.1-92 

2-6604 

I.J3 

2-275S 

<M 

2-68.2 

',•»« 

2-2952 

1-94 

2-702. 

■1:75 

2-3150 

>;9S 

■    I  "7*30 

.1-76 

2-J349 

rjS 

2-7440 

r77 

'■3548 

r97 

2-7&50 

■,■78 

23748 

.1-98 

.-7»6. 

I.-79 

2-J949 

1-99 

2-8A73 

'2-00 

2-8284 

The  original -authority  forrthe  tables  of  H  is  believed  to  be  Francis 
{LowtJl  HyOKtuUc  Exptrimeats).  The  most  compete  s4t,  covferivg  ttaMsandths 
of  a  foot  frtnn  o  to  1-4O,  and'faandrddths  <Sf  a  foot  up  ito  12  feet,  ts.givcD  by 
Horton  {Wtir"ExptritHtnti^  '  No  taibles  whicti  pemiitiquick  calculation  when 
the  head  is. measured  in  fiactions  ofnn  inch-anJmowit  to  me, and  conversion 
intodecimalsof  afoot  on  the  basis  ,        ' 


Tnches 
Feet  . 


0-25    i  .q;33.' 


0-58     I    '0-67   1    o,'7S 


is  usually  satHdehtly  accurate.  The  American  Well  Works  publish  a  very 
excellont  table  of  discharges  based  on  Francis'  formula,  by  sixteenths  of  an 
inch,  but  the  results  are  given  in  U.S.  gallons  per  minute. 


lyGotlgIc 


CONTROL  OF  WATER 


TABLE  NO.  3.— VALUES  OF  H"' 

FOR  USE  IN  CALCULATING  DISCHARGE  OF 

TRIANGULAR  NOTCHES 


H 

h" 

H 

"" 

o'40 

o-ioia 

0-75 

0-4871 

0-4I 

0-1076 

0-76 

0-5036 

0-42 

OI143 

°"'\ 

0-5203 

0-43 

01213 

0-78 

0-S373 

0-44 

o-Ia8s 

0-79 

0-5S47 

0-45 

OI3S9 

0-46 

o'"43S 

0-80 

0-5724 

'••4; 

0-1514 

0-81 

0-5905 

0-48 

0-1596 

0-82 

0-6089 

0-49 

0-1 68 1 

0-83 

0-6276 

0-84 

0-6467 

0-50 

0-.76S 

0-85 

0-6661 

o-ji 

0-1857 

0-86 

0-6859 

OS" 

0-1950 

0-87 

0-7060 

*-S3. 

o-ao45 

0-88 

0-7264 

0-S4 

0-2143 

0-89 

0-7472 

o'SS 

0-J344 

0-S6 

o->347 

0-90 

0-7684 

0-57 

0"453 

0-91 

0-7900 

058 

0-2562 

0-92 

0-8118 

0-59 

0-2674 

0-93 

0-8341 

0-94 

0-856, 

o'fio 

0-2789 

0-9S 

0-8796 

0-61 

0-3906 

0-96 

0-9030 

o'6a 

0-3037 

0-97 

0-9366 

0-63 

0-3150 

0-9S 

0-950S 

0-64 

0-3277 

0-99 

0-97S2 

0-65 

0-3406 

0-66 

0-3539 

1-00 

t-oooo 

0-67 

0-3674 

1-01 

1-0252 

0-68 

0-3813 

1-02 

1-0508 

0-69 

0-39SS 

103 

1-0767 

1-04 

1-1030 

o-7t. 

0-4100 

los 

1-1397 

on 

0-4348 

i-o6 

.1568 

0-72 

0-4399 

1-07 

.-.843 

073 

,      0-4SS3 

t-08 

I*>133 

0-74 

0-4711 

1-09 

1-3404  , 

.Google 


Tabu  Na  ^^-ronHnued, 


H 

h" 

H 

■    h"       " 

no 

1-2691 

1-40 

.-3191 

i-ii 

I-398J 

I-4I 

2-3608 

i-ia 

1-3275 

.   1'42 

2-4028 

•■13 

■■3573 

i'43 

'•4453 

I'I4 

■■3875 

1-44 

2-4883  , 

I'lS 

1-4182 

1-45 

"'5317 

rr6 

1-4492 

1-46 

■■575' 

I-I7 

1-4807 

1-47 

2-6200 

ii8 

1-S126 

1-48 

2-6647 

1-19 

1-5448 

1-49 

2-7100 

1-50 

3*7557 

I -20 

1-S774 

1-51 

2-8109 

1-ai 

1-610S 

1-52 

2-8485 

V22 

1-6440 

1'53 

2-8956 

1-23 

1-6778 

I'54 

a-9431 

1-34 

1-7122 

I '55 

2-9910 

1-26 

1-7469 

■■56 

3"0395 

1782. 

■■s; 

3^o88s 

::;i 

1-8176 
•■8538 

■•58 

■"59 

3'1379 
3-1877 

.•>9 

18901 

1-60 

3-"38^ 

■■3° 

■■31 

■•33 
'■34 

■■35 
■•36 

1-38 

1-9269 
1-9642 
2-0019 
2-0400 
2-0786 
a-1176 
»'iS7o 
2-1968 
2-2371 

1-61 
1-62 
■  ■63 
1-64 
■•6s 
1-66 
1-67 
1-68 
1-69 

32890 
3-340» 
3-3»"o 
3"4443 
3^4973 
3'S504 
3-6040 
3-6582 
3'7"9 

■■39 

2-2779 

■■70 

3-7681 

Di.itradb,  Google 


n)o4  COimML  OFWATBR 

TABLE  No.  4.— AUXILIARY  VALUES  FWl  •SOtlTTiOK  <W 

kOtTER'S  formula.    (See  p.  473-) 
Kfitter's  fotmula  for  the  value  of  C  in  the  equation 

■-iii^(,.^+°-^) 

^~  HI,      O'0OAl\ 

If-we  put  i^-d,  trad  4r6+^^5iSl!=i;*e.fonmila  baMtmes 


Table 

OP  a. 

,- 

,. 

(WOtO 

iei'i 

OStll 

164-6 

o-oia 

■tjo-i 

0*013 

'393 

0*014 

"9-4 

0^015 

rio-7 

o'oi6 

1T3-! 

0-017 

io6'S 

o*oi8 

Ioo'6 

o'oig 

»S-3 

0"020 

90-6 

0'02t 

86> 

0'021 

82-.3 

0*0215 

8o-5 

o'dij 

,;8-7 

0-024 

;5-4 

ooas 

73'4 

0*026 

69.! 

,    0-027 

«,■■ 

0-0275 

65-9 

0-028 

64-7 

0-029 

614 

0-030 

604 

0-0325 

ill 

0-035 

sn 

0-03  7  S 

48-3 

0-040 

45-3 

.Google 


K&TT^iCS  FORMULA^  1005 

and  a  depends  merely  on  the  value  of  »  selected,  while  ^  is  a  (unction  of  the 
slope  only. 

The  values  of  ^u  and  ^  are  tabulated  .b«low. 

In  practice  it  is  usually  simplest  to  calculate  CVr  directly  without  obtaining 
the  value,  of  C 

~  •Jr\-ni> 
and  in  this  form  the  calculation  requires 

One  addition  :  a-^b. 
One  multiplication  ;  (ii+#}r. 
One  multiplication  '.  bn. 
One  addition  :  'Jr-\-bn. 

One  division  :  C^'r—   ,-^.  " 


We  have 


C*/r=- 


Slope. 

Slope. 

b 

b 

Abaolnte. 

tin 

Absolute. 

lin- 

o-oiooo 

100 

■H9 

o;ooo09 

1 1000 

72-5 

0-00500 

ZOO 

42-1 

1 1000 

75^3 

0-00»5o 

4(>o 

4"-; 

13000 

78-1 

o'Oozoo . 

500 

430 

14000 

8o-9 

o'ooioo 

44-4 

15000 

83-8 

0-00067 

1500 

45-8 

16000 

86-6 

o-ooojo 

2000 

4;a 

17000 

894 

0*00040 

2500 

48-6 

18000 

9a-a 

0-00033 

3000 

So-o 

19000 

950 

o-ooo»9 

3S?o 

Si-4 

aoooo 

97-8 

0 '00035 

4000 

S"-8 

Beyond  this  limit  the 
loimul^.    rests     on 

o-oooaa 

4500 

54" 

o-oooio 

5000 

55-7 

slender,  and  prob- 

o'oooiS 

SSoo 

57'i 

ably  erroneous  evi- 

0-00017 

iSoo 

585 

dence. 

000015 

6500 

S9"9 

Z20O0 

103-4 

o'oooi4 

7000 

6.3 

24000 , 

1090 

7500 

627 

a6ooo 

1147 

o-oooi»5 

8000 

641 

iSooo 

120-3 

O'OOOIS 

8500 

^1' 

30090. 

125-9 

o'oooii 

9Q00 

66-9 

Formula  is  probably 

0-000105 

9500 

68-3 

quite,    inapplicable 

ooooio 

1 0000 

69-7 

beyqnd  this  limit. 

.Google 


ioo6  CONTROL  OF  WATER 

TABLES  Nos.  s  AND  6.— BACKWATER  FUNCTION  0(x), 
DROPDOWJS  FUNCTION  xW.    (See  p.  485.) 

As  already  pointed  out,  the  backwater  functions  ^(r)  are  tabulated  under 
the  argument  -■     The  dropdown  functions  ;^x)  are  tabulated  under  aiigu- 


•"j 

.  ^') 

1 

o-o 

o'oooo 

-0-6046 

o*i 

0-0050 

-  0-5046 

o-a 

0-0301 

-0-4042 

0-30 

O-0455 

-  03025 

0-31 

0-0486 

-0-2923 

032 

0-0519 

-0-2819 

0-33 

0-0553 

—  0-2716 

0-34 

0-0587 

-0-3613 

0-35 

0-0633 

-0-2508 

0-36 

0-0660 

-0-2403 

o"37 

0-0699 

-0-2298 

0-38 

0-0738 

'  0-3193 

0-39 

0-0779 

-  02086 

040 

0-0821 

-01980 

0-41 

0-0865 

-0-.873 

0-42 

0-0909 

-0-1765 

0-43 

o*09S5 

-0-1656 

0-44 

o-roo3 

-0-IS47 

0-4S 

0-1051 

-0-.438 

0-46 

0-II03 

-0-1327 

0-47 

0-1  154 

-o-iai6 

<i-48 

o-iao7 

-0-1104 

;    0-49 

o*ia6i 

-  0-0991 

050 

0-1318 

-0-0878 

0-51 

0-1376 

-  0-076  J 

0-52 

0-I435 

-  0-0647 

053 

0-1497 

-0-0530 

o;s4 

01560 

-0-0412 

0-1625 

-0-0293 

0-56 

0-169Z 

-0-0172 

057 

0*1761 

—  00050 

0-58 

0-1832 

+  00074 

0-59 

0-1905 

+0-0199 

.Google 


BACKWATER  AND  D&OPBOWN 
Tables  Nos.  ;  and  6 — continued. 


x„i 

«') 

xW 

o-tio 

0-1980 

0-0325 

o-6i 

0-.0S8 

0-0454 

o-^t 

o-ai38 

0-0384 

0-63 

o-32ai 

0-0716 

0-64 

0-2306 

0-085. 

0-6J 

0-2395 

0-0987 

o«4 

0-3486 

0-1127 

0-6, 

0-3580 

0-.268 

0-68 

0-26,, 

0-1413 

0-6, 

0-3778 

0-1560 

o-jo 

0-3883 

0-1711 

0-71 

0-3991 

0-1864 

o-7J 

0-3104 

0-2022 

o?3 

0-3221 

0-2184 

0-J4 

o-33-t3 

0-2350 

0-75 

0-3470 

0-3520 

076  ■ 

0-3603 

0-2696 

o*77 

0-3741 

0-2877 

078 

0-3886 

0-3064 

079 

0-4039 

0-3258 

o-8o 

0-4198 

0-3459 

o-8i 

0-4367 

0-3668 

0-83 

0-4544 

0-3886 

0-83 

0-4733 

0-4144 

0-84 

0-4932. 

"•4353 

0-85 

0-5146 

0-460S 

0-86 

0-S374 

o-4»7> 

0-87    , 

0-5619 

0-5.56 

0-88 

0-5884 

0-54S9 

<.% 

0-6173, 

o-57»S 

o-o*. 

0-6489 

0-6.38 

0*901 

0-6533 

0-6.75 

o-goj 

0-6556 

0-6313 

0-903 

0-6590 

0-6251 

0-904 

0-6635 

0-6389 

0-905 

0-6660 

0-6327 

0-906 

0-66,5 

0-6366 

0-907 

0-6730 

0-6405 

0-908 

0-6766 

0-6445 

0-909 

0-6803 

0-6485 

.Google 


Tables  Nos.  S  and  6 — contitnud. 


"»; 

»<») 

rlA 

o'9i« 

0-6839 

0-6525 

o-^|. 

0-6876 

0-6566 

o-9K> 

0-6914 

o-66or 

o-»»3>- 

o-69S> 

o-664» 

0-914- 

0-6990 

0-6691 

0-9IS- 

0-7039 

0-6733 

0'9i6  ■ 

0-7069 

0-677S' 

0-917  ■ 

0-7109 

0-6820. 

0-918  : 

0-7149,     ■ 

0-6864 

o-9>9 . 

0-7190 

0-6908.- 

0-9JO . 

o-7"3i. 

0-6953 

o.9Jr  ' 

o-7»73 

0-6999 

o-9aa- 

o-73'S 

0-7045 

0-913 . 

0-73S* 

0-7081 

o-9«4.. 

0-7401 

07138- 

o-9«S 

0-7445  ■ 

0-71S6 

o-9««<- 

0-7490, 

0-7234 

0-9*7  ■ 

0-7S3S 

0-7283 

0-938  i 

0,58.. 

o-733a 

0-999, 

0-7628- 

o-73»" 

0-939-1 

0-7675 

0-7433 

0-931, 

0-7723 

0-7485 

o-9Sit 

0-7772 

0-7537 

0-933 1 

0-7821 

0-7589 

0-934. 

0-7871,     , 

0-7643 

0-9JS . 

0-792.., 

0-7698-,- 

0-9361 

0-7974 

0-7753 

0-937' 

0-8026' 

0-7809 

0-9S8! 

0-8079  • 

0.7866,- 

0-939, 

0-8.33., 

0-7923 

0-940 

0-8188. 

o-7»». 

0-941- 

0-8244 

0-8041 

o-94»' 

0-830. 

0-8  io« 

0-943- 

08359  ' 

0-8(64 

0-944. 

0-8418. 

0-83x6. 

0-941. 

0-8478-. 

o-83a». 

o-94li. 

o-8S3». 

0-8354 

!       0-94J. 

o'Seoa 

0-843^ 

0-948.- 

0-8665 

0-8487 

0-949 

0-8730 

0-8554 

.Google 


BACKWATER  AND  UROPDOWN 
Tables  Nos.  s  and  f>—contitmtd. 


'< 

MX) 

x(*) 

0-930 

0-8795 

0-8624 

0^5 ' 

o-886a 

0*8694 

0-952 

0-8931 

0-8767 

0-9S3 

0-9002 

o-8«4o 

0-9S4 

0-9073 

0-8916 

o'95S 

0-9147 

0-8992 

0-956 

0-9231 

0-9071 

o*9S7 

0-9.98 

0-915 1 

0-958 

0-9376 

o'9«33 

0-9S9 

0-9457 

0-9317 

0-960 

09539 

0-9402 

0-961 

0-9624 

0-9489 

0-963 

0-9709 

0-9580 

0963 

09799 

0-9672 

0-964 

09890 

09767 

0-965 

0-9985 

0-9865 

0-966 

J -0080 

0-9965 

0-967 

I-0I8. 

I -0068 

0-968 

10282 

1-0174 

0-969 

10389 
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Tables  Nos,  5  and  b—contittued. 


- 
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991 

1-4510 

1-4486 
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998 

1-95*3 
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999 

1-1834 
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000 

Several  discrepancies  exist  between  the  various  published  copies  of  thii 
table.  A  systematic  check  could  not  be  undertaken,  but  all  values  occnrriiii; 
in  several  years'  work  have'  been  checked,  and  any  suspicious  chaogH 
examined.  It  is  believed  that  the  third  place  of  decimals  is  always  reliable;  vH 
it  is  known  that  the  fourth  place  is  frequently  two,  or  even  three,  units  in  emu. 
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PUNJAB  WATERCOURSES 

TABLE  No.  7.— PUNJAB  WATERCOURSES. 

Tabli  of  Discharges  for  Watbrcouxsks. 
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Table  No.  j—Mtttituttd, 
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These  tables  are  based  on  the  assumption  thftt  the  srde  slopes  of  the 
excavation  and  banking  are  dressed  to  t:i;  and  that  0*5' "6"  Ireeboard 
above  full  supply  water  level  is  given  to  the  banks.  The  figves  Bccthciiault:  ' 
of  experience,  rather  than  of  defltute  cslcabiMB,  and  pmduce  a  very  practical 
set  of  channels.  Given  the  ordinary  maintcnaoc*,. bleaches,  or  deficiencies 
in  sup^^  nuely  occur  ;  and,  if  tested  bj  cakuiatioa,,it  will  be  found  that  the 
lar^E  cbannelai  whic^  leaeive  mata  careful  Utentiois,  are,  reladvely  to  the 
snu^ei  chawiels,  proportioned  qn  this  basis.  Thus,  na  undtdy  excessive 
factor  of  safety  i&enqikq^.  When  laboui  is  d«arer,  or  less  efficient  thaq  in  . 
India,  I  have  been  accustomed  to  employ  these  tables,,  but  provide  a  greater 
frceboasd  thuv  6  inches. 
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GRAPHIC    DIAGRAMS 

These  diagrams  are  prepared  according  to  tbe  principles  laid  down  bj 
M.  d'Ocagne  {Tredti dt  Nomogr^pkU). 

The  present  appHcations  are  believed  to  be  original,  although  at  least  □« 
hydraulic  diagram  based  on  these  methods  has  been  published  (Hiilte,  vol.  3, 
p.  245)- 

Since  the  principle  is  a  powerful  aid  in  graphing  nearly  every  hydiatilic 
fmnula  of  general  application,  the  following  details  may  prove  of  utility. 

Consider  the  line  joining  the  points  A(— X],^|)  and  B(j:),^i). 

The  equation  of  this  line  is  : 

Putting  x^o,  we  find  that  the  intercept  OC  on  the  axis  of  ^  is  given  1^, 
f»=^^^^^^r^  ;  which  detfrmines  the  distance  OC. 
Thus,  any  formula  of  the  type  : 


can  be  reduced  to  a  graph,  once  the  i»*s  and  *'s  arc  properly  plotted. 

The  typical  hydraulic  fonnula  is  usually : 
Q=EM", 
or,  taking  lofuithms, 

log  Q-log  E=«  log  /+«  log  A  i 
and  n  and  m  are  generally  constants. 

Thus,  if  we  plot  logarithmic  scales  of  h  and  /,  and  insert  a  properly  divided 
logarithmic  scale  (usually  with  a  di&cient  unit  for  base)  at  tbe  proper 
intermediate  distance  between  the  scales  of  log  h  and  log  /,  the  readings  on 
this  intennediate  scale  will  represent  log  Q— log  E,  and  the  scale  can  thciefore 
be  graduated  so  as  to  read  Q  directly. 

The  real  didicutiies  in  preparing  workable  diagrams  arise  merely  from  tbe 
necessity  of  avoiding  unduly  acute  intersections  of  the  line  AB  which  joins  the 
points  representing  the  given  values  of  /  and  k,  with  the  scale  of  log  Q — log  E 
on  which  the  corresponding  value  of  Q  is  read  off. 

Thus,  in  employing  the  following  diagrams,  we  merely  select  the  points 
corresponding  to  the  two  known  quantities  tyjafied  by  /  and  A  on  ttie 
appropriate  scales,  and  lay  a  straight  edge  across  the  diagram  to  join  these 
points ;  the  value  corresponding  to  the  graduation  at  which  tbe  line  of  tbe 
straight  e^e  crosses  the  third  scale  will  be  found  to  jrepresent  the  thiid 
(unknown)  quantity  typified  by  Q. 
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The  diagrams  have  all  been  tested,  not  only  by  careful  arithmetical 
checking,  but  by  a  period  (in  some  cases,  three  or  four  years)  of  office  use. 
They  ate  drawn  and  reproduced  on  a  scale  which  permits  an  accuracy  of 
I'  per  cent,  to  be  obtained.  This  is  amply,  in  fact  over,  accurate  for  all 
practical  purposes  except  the  comparison  of  the  more  refined  observations  that 
are  rarely  undertaken  save  under  laboratory  conditions. 

It  should,  however,  be  noted  that  if  these  drawings  are  enlai^ed  to  mofe 
than  double  the  size,  arithmetical  checking  will  disclose  errors,  which,  in  No.  I 
amount  to  as  much  as  0*6  per  cent. 


LIST  OF  DIAGRAMS. 


— duckarcb  o 
— Discharge  0 


Sharp.  Edged  Wei  us 
Gehrkalisbd  Weir 
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I  Tables  (Graphic),  No.  i  and  No.  : 


No.    S-- 
No.    6.- 


-Digchargk  or  Orifices  with  €=0*635 
-VBtociTV  ov  Water  m  Channels  of  Bazin's 


4  CUANNBLS  OF  BaXIN's 


CiASS  I.  ;  7  =  0'iO9.  1034 

Class  II. ;  7=0290  1026 

i  Chaknbls  OF  BAZtN's Class  11a;  7  =  055  loaS 

Chahnsls  of  Bazin's  Class  III. ;  7=o'833  1030 

Channels  OF  Bazin's  Class  IV. ;  7=ri'54.  1032 

-Velocitv  of  Water  in  Channels  of  Bazih's  Ci.ass  V. ;  7=2'35  .  1034 

■Velocity  of  Watkr  in  Channels  of  Bazin's  Class  VI. ;  7=317  ■  1036 


— Vklocitv  op  Water 
—Velocitv  of  Water 
—Velocitv  of  Water 
— Vbcocitv  of  Water 
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DISCHARGE  OF  SHARP-EDGED  WEIRS. 

Ths  diagram  on  the  opposite  page  TepreBcnts  the  Discharge  of  Water  ovet 
Sharp-Edged  Weirs,  as  detailed  m  p.  112. 
Head  over  o'40  feet : 

Q=3-iio  l'""  h'"*";  with.  L  less  than  4  feet 
Q-3I33L''""h''*"'!  with  L  between  4 and  10  fML 
Q-3  148  l'™  h'"**;  wiOi  L  greater  than  10  feet. 
Where,  H-.D+i-4*=D+r4— 
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DUsnin  No.  3,— DISCHARGE  OP  Generalised  Weir. 
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DISCHARGE  OF  GENERALISED  WEIR. 
The  diagram  on  the  opposite  p^e  repreaents  the  general  fonnula  : 

q-clh'* 

which  has  been  found  to  be  more  or  less  applicable  lo  all  weirs,  whatever 
their  section  may  be. 

The  Ubie  on  p^e  lozo  shows  the  sections  of  all  weirs  for  which  it  is 
known  that 

the  value  of  C  is  constant, 
and  gives  the  range  of  H  over  which  C  remains  conttanL 

Similarly,  the  table  on  page  lozi  shows  the  sections  of  all  weirs  for  which 
the  expressiim 

C-o+i^H 
holds ;  and  the  upper  and  lower  limits  of  H  between  which  this  expression 
holds  good. 

In  every  case,  slight  variations  in  C,  not  exceedii^  i  per  cent,  either  way, 
from  the  constant  value  or  the  strught  line  law  have  been  disregarded. 

The  experiments  on  which  these  tables  are  founded  are  mainly  those 
of  Baiin  ;  but,  for  their  conversion  into  English  measure,  and  for  a  scries 
of  graphic  ptMs  of  Q,  which  have  materially  helped  me  in  arriving  at  the 
tables,  I  am  indebted  to  Horton  { Weir  Experiments). 

Following  Horton,  in  cases  where  the  accuracy  of  the  observation  requires 
it,  1  generally  put 

H  =  D+A-^D  +  - 

I  may  state  that  these  tables  have  been  in  steady  practical  use  for  some  five 
years,  and  that  resort  has  been  made  to  every  accessible  published  observation  in 
order  to  check  them.  It  is  believed  that  no  result  obtained  by  their  use  is  likdy 
to  be  more  than  3  per  cent,  in  error,  so  far  as  the  value  of  C  affects  the  result  (i.<. 
error*  in  observing  H  are  neglected).  In  most  cases,  the  observed  errors  are  . 
less  than  1  per  cent,  and  this  statement  applies  also  to  some  80  small  scale 
experiments  specially  undertaken  for  the  purpose  of  checking  tbp  tables. 
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DISCHARGE  OF  ORIFICES. 


The  diagram  on  the  opposite  page  represents  the  usual  fonnula  for  orifice 
dischai^ : 

The  value  of  C  selected  is  o-625,  so  that  the  formula  shown  in  the  graph  is  : 
Q  =  SoiAVA 
'  Corrections  for  special  values  of  C  are  easily  made  by  remembering  that,  a 
change tA 0025  In  C  produces  a  variation  of  4  per  cent,  in  Q. 
Thus  r 
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For  values  of  A  and  k  ouuide  ihe  limits  of  tKc  diagram  it  suffices  to 
remember  that : 

(i)    If  A  be  doubled  or  halved,  Q  is  doubled  or  halved;  and  if  A  be 

muhiplied  by  10,  Q  is  multiplied  by  10,  ,     . 

fii)  If  li  be  multiplied  or  divided  by  4,  Q  is  doubled  or  halved. 
.If  A  be  multiplied  by  100,  Q  is  multiplied  by  10. 
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Dlagnun  No.  «.— Velocity  of  Water  m  Channels  oe  Bazin's 
Class  I. ;  y=o'i09.  ^ 


GRAPme  DJAGXAJIfS 


,     VELOCITY  OF  WATER  IN  CHANNELS  OF  BAZIN'S 
■  CLASS-  L;  y-o-Io9. 

The  digram  tm  the  opposite  page,  together  with  the  live  succeeding  diagrams, 
rvpresem  the  fbrmuls; 

isr6  . 


with,  c-  - 


as  laid  down  by  Baiin  in  I  ^7  (see  p.  474).  The  present  diagram  corresponds 
to  Class  I.,  7=0*109 :  and  Bazin'  assigns  channels  of  smoothed  cemeni  an4 
pinned  wood  to  this  class. 

In  practical  commerciat  engineering  I  am  inclined  to  believe  that  very  few 
cfaan^els  are  suRiciently  carefully  constructed  to  fall  within  this  class. 

I  have  succeeded  in  constructing  a  planed  wooden  flume  which  was  smooth 
enough  to  pve  y=oioo,  b«  did  not  feel  suEFiciently  certain  of  it  remaning  in 
tUs  sm»ath  state  to  design  the  flume  on  this  assumption,  and  therefore  based 
my  calculatWs  on  7=013. 
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Diagram  No.  7.— Velocity  of  Water  in  Channels  of  Bazin's 
Class  II.;  y=o-a9o. 
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VELOCITY  OF  WATER  IN  CHANNELS  OF  BAZIN'S 
CLASS  n.;-)-- 0-290. 

Tni  dil^j^ram  on  the  opposite  page  corresponds  to  Class  II. ;  or  y~o*19D- 

Bazin  asugns  all  channels  of  planks,  bricks,  and  cut  stone  to  this  class. 

The  remarks  on  pages  474  aiid  47S  should,  however,  be  consulted. 

I  do  not  usually  design  channels  of  this  class  in  practical  work. 

The  requisite  smoothness  of  surface  is  easily  obtained  ;  but,  under  normal 
conditions,  the  extra  cost  of  the  more  careful  workmanship  Tcquired  usually 
exceeds  the  saving  produced  by  the  smaller  dimensions  of  the  channel.  The 
exceptions  generally  prove  to  be  targe  channels,  with  r  exceeding  say  3  feet 
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Dtagnm  No.  8.— Velocity  of  Water  in  Ckannbls  of  Bazik^ 
Class  IIa.  :  7=0-55. 
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VELOCITY  OF  WATER  IN  CHANNELS  OF  BAZIN'S 
CLASS  IlA.  i  y=-oss. 

Thz  diagraiii  on  the  opposite  pag«  corresponds  to  ii  class  determined  by 
Bazin'sy=o-55. 

This  class  was  not  specified  by  Bazin. 

In  practice,  it  is  probably  that  most  frequently  used  in  the  design,  of 
artificially  lined  channels.  All  alime  encrusted  channels,  such  as  occur  in 
sewerag^  and  other  works  dealing  with  polluted  water,  r^dly  pass  into  this 
class  as  they  age,  whether  the  original  channel  was  smoother  or  rougher  than 
is  indicated  by  y=o'5;.  The  only  exceptions  appear  to  be  those  channels 
vvhich  are  initially  rougher  to  the  eye  than  rough  cast  plaster  work  or  brick- 
work enclosure  walls, — i^.  relatively  speaking,  carelessly  laid  masonry  or 
brickwork.  Ordinary  unrendeied  concrete  which  has  not  been  deposited  with 
excessive  care  also  xgnt%  very  fairly  with  -/•^tyyi  %  and  all  slimed  c 
mpidly  reaches  the  state  where  7^55. 
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IM^ma  No.  9.— Veiocity  or  Water  in  Chahnku  of  Bazhi^ 
Class  III. ;  7-0-833. 
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VELOCITY  OF  WATER  IN  CHANNELS  OF  BAZIN'S 
CLASS  III. ;  T-o-833. 

Thb  digram  on  the  opposite  pag*  corresponds  to  Baiin's  Class  III.;  or 
y=o'833,  which  Baiin  specifies  for  rubble  masonry. 

In  pnciice,  I  consider  that  it  is  advisable  to  provide  for  some  extra  work  in 
roaghly  droung  the  faces  of  the  stones,  and  filling  hollows  with  roortar,  in 
order  to  secure  a  smoothness  corresponding  to  7— 055.  The  cost,  except  in 
small  channels,  does  not  exceed  the  advantages  secured. 

If;  however,  either  concrete,  masonry,  or  brickwork  beings  are  laid  on  newly 
excavated  earth  slopes,  and  especially  on  artificial  banks  of  earth,  the  adoption 
of  r— 0833  is  advisable,  since  bad  settlement  will  produce  a  state  of  affairs 
corresponding  to  this  class. 

By  careful  maintenance  it  is  also  possible  to  change  a  channel  of  this 
character  imta  r'"0'833,  to  yao'60,  or  0*65  approximately  ;  and  in  many  cases 
considerable  increases  in  discharge  may  be  secured  without  heavy  capital 
aqtenditure;  * 
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Diagram  No.  lo. — Velocity  of  Watkr  in  Channels  of  Bazin's 
Class  IV. ;  y=  1*54. 
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VELOCITY  OF  WATER  IN  CHANNELS  OF  BAZIN-S 
CLASS  IV.!  y=rs4. 

The  diagram  on  the  oj^siie  page  corresponds  lo  Baiin's  Class.  IV. ;  or 

Bazin  specifies  this  for  earth  channels  of  very  regular  surface,  or  reveted 
with  stone. 

In  actual  practice  I  have  found  that  only  very  carefully  mairtained  channels 
in  earth  fall  under  this  class.  The  presence  of  fine  silt  permits  of  7=  r$4  bemg 
attained  fairly  ra^dly,  provided  that  the  maintenance  is  intelligently  directed. 
Ukewise,  coarse  sandy  silt  is  untavourable,  and  such  diannels  should  not.  be 
designed  with  y  much  under  a'oo.  My  experience  of  stone  revetments  is  iMt 
very  extensive ;  but,  so  Ux  as  it  goes,  in  cases  where  pains  are  taken  to 
secure  a  smooth  surface,  any  carefully  constructed  revetment  is  smoother  than 
-/•=i'S\,  B.wA  cam:s^aAs  more  nearly  to  y^i '20  to  i-y>.  A  rough  revetment 
of  loose  stone  of  large  size  is  usually  rougher  than  y  =  i  '54,  at  any  rate  in  stnall 
channels. 
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Ho.  II.— Velocity  of  Watsr  in  Channbls  of  BAZiifs 
CLASS  v.;  y-a'3S. 
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VELOCITY  OF  WATER  IN  CHANNELS  OF  BAZIN'S 
CLASS  V. ;  y=r3S. 

Thk  diagram  on  the  opposite  page  corresponds  to   Bazin's  Class  V. ;  or 

Basil)  specifies  this  for  ordinary  earth  channels. 

I  believe  that  designs  for  artificial  channels  should  only  be  based  on  this 
value  when  the  channel  is  markedly  crooked  in  plan,  or  when  maintenance  >s 
not  well  attended  to  ;  but  no  advanced  hydraulic  eogineer  will  allow  an  im- 
portant channel  to  remain  in  snch  a  state  for  a  lengthy  period. 

Silt  and  scour  are,  of  coivse,  unlavourable  conditions,  and  when  present,  the 
value  7=2-35  may  temporarily  prove  too  low. 
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DlaCTaii)  No.  la.— Velocity  of  Water  ik  Channels  of  Bazih^ 
Class -VL;  7=3-17. 
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VELOCITY  OF  WATER  IN  CHANNELS  OF  BAZIN'S 
CLASS  VL;  r=3-i7- 

Tke  digram  on  the  opposite  page  corresponds  to  Baiin's  Class  VI.  ;  or 

BazJD  specifies  this  for  exceptionally  rough  earthen  channels  (be<t  covered 
with  boulden),  or  weed-grown  sides. 

Jndi^ng  by  my  own  experience,  such  values  of  y  usually  occur  only  in  flood 
gaugings. 

I  have  employed  y=3'i7,  in  the  de^gn  of  a  channel  which  was  likely  to  be 
largely  obstructed  by  weed  growth,  and  in  which  it  was  undesirable  to  cut  or 
destroy  the  weeds  more  frequently  than  once  a  year. 


D,=;,lz...,C00g[c 


Di.itradb,  Google 


Abouldr,  Lake,  reclamation,  745. 
Absorbent  areas,  floods,  a3i. 
Absorption,  631,  637,  638,  643,  738,  741. 


Acre  root,  5. 
Aeration,  colour,  sod. 

defoTUBtlan,  5S5. 

d^gnuraeun,  544. 


odou 


1.589. 


Afflux,  657,  694. 
Ageing.  454, 

pipes.  436. 

swel  pipes.  457, 

table,  443- 

Teuton  formula.  44a. 

Weston-Darcy  formula.  443. 
Aggngate,  concrete.  959,  g6o,  973. 
Agricultural  drainage,  run-off,  333. 
Agricultural  machinery,  73a. 

duty,  645. 
Agricultural  operation,  irrigation,  Saj. 
Agriculturists,  730. 


alkaline  so 


1,746. 


Aicbel,  oblique  weirs 

iiB. 
syphons,  839. 

chamber,  hTdiauli    nm,  644. 
compresseit.    See  Compressed  Air, 

lift  pumps.  831. 

mixture  with  water 

atar.  833. 

"snifter."  844. 

velocity  ot  bubbles,  B37.  8» 

Tohune  of  chamber.  853, 

woterratio,  837,  839,833. 

"  Air  slaking,"  cemei 

t.9S8. 

Ait  imlTB,  611. 

Alblfii.     SeeLccein 

Alkali,  removal,  745- 

AIkalinesoita,74!t 

"SSEig-,... 

See  also  Softening 

Alliivial  deposit*,  percolation  in, 
Alhrrial  underBow,  356. 
Alpine  areas,  rainhll  loss,  309. 
Altitude,  roinllll,  iSi. 
Alominium  sulpbate,  "  basic  alu 
■cdimcntation  basins,  564, 


American  weii 


.673- 


r.  373.  373. 


Anderaon  process,  colour.  5B8. 
Andrt.  experiments,  708. 
An^us  Smith,  43^.  43^ 

pipe  coaling,  discharge,  438. 
Anient.    See  Weirs. 

discharee.  I33> 
Aprons,  Aieoaaii.  343- 

repulBtioQ,  697. 

talus,  undcr^iuJces,  693. 

weir,  134,  6S0,  6B3. 
Aqueducts,  635,  706. 

Taprid,  730. 

timber,  71B, 
Arch  dams,  358,  403, 
Arch,  deflection,  405. 

puddle  loaded,  337. 

Arch  and  buttress  dam .  410. 
Area  of  in-igation  plots,  644. 
Aileuan  wells,  discbarge,  151. 

Queensland,  373. 

temperature  of  wati 

theory,  371. 

thickness  of  strata,  379. 

velocity  of  flow,  374. 

yield,  173. 
Asphalte,  34'>>  396,  619. 

coated  mpe  discharge,  438,  43a. 

core  walla,  317. 

dam  fisstires,  37S. 

filleiB.  53f . 

speciGcatKiD,  460. 

sted.3S4. 
Assouan  dam,  399. 

repairs.  343. 
Assouan.    See  alto  Barrage. 
Atcfaeriey  dams,  374. 

wdis,673. 
Atmosjrfienc  pressure.  6. 
Antomatic  cut-off  valves.  611,  613. 
Automatic  diaphragm,  vsfves,  594. 
Austin  dam,  39a,  6^.. 
Australian  at^rption,  741. 
Average,  17a. 

Backwater  functions,  lOofi, 
Bacteria,  America,  571. 

eouolalion,  561,  5A 

mechanical  filters,  57a,  574.  577- 

sedimentation,  533. 

slow  sand  filters,  533. 

softening,  591. 

ston^e.  S34. 
Balanced  gate,  337. 
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1^  depth,  736. 
Ball  beannKa.  776.  990. 
Baud  shoes  for  wood  pipes,  464. 


JbdniD,  678. 
^dhnai,  657. 
Tajewala,  663. 


Hori  Doab,  discharge,  738.  / 

distribataiies,  796. 

Kennedy's  obsetvalioiu,  753. 

Lower,  639. 

ant,  766. 
Baricf,  duty  lalio,  640. 
Barnge,  6^    ,  ' 

grontii^,  981. 

See  abo  ^uit,  AssooHii,  Menufiolt. 
Bai5,  velodly  in  riven,  ga. 
Base,  duly,  631. 
Basin,  imgation,  6a6.    ' 
fidtler,  dams,  364. 

dam  Ihicknesa.  367. 
Bujn,  drowned  weirs,  114, 


yiaphic  velocity  dla^ms,  1095-1037. 
indioed  weirs,  119. 
notch  and  doin  bix,  401. 
pit,  103. 

weir  descnplioD,  109. 
weir  forniute,  109. ' 
Buin'i  r,  474- 
bricli  conduii,  435. 

graphic  delerminalion,  87,  476. 
KtilMr's  B,  474. 
limits,  477. 
rod  floats,  59. 

suTKice  velocity,  04. 
£■"^•'.571. 
Bear  trap  dams,  77a,  777,  779. 

river  regulation,  77a. 


arii^,  776. 
Bed  riU,  7SO,  753. 
Bdlads,  ffydra^tUi,  a. 

KenMdy's  rule,  754. 
BeUmoulhertfice,  147. 
Bellmouth  resonance,  SiS. 
Bell's  dykes,  667,  666. 
""     653. 


r^nforced  concTrte',  4^3. 


Betnouilli's  variable  flow.  4S0. 


Bet,  637. 

Bidone,  orifice,  151. 

Binnle.  minrall,  178. 

run-off  and  laiiilall,  240.  afj. 
Bitumen,  437,  619. 

brickwork,  6b  i. 

filtws,  S35. 

sheeting:,  3*1.  340.    Sec 
Black  alkali.  743. 
BolieinlB.  evsponilion,  193. 
Boilers,  coa«iilBtiaa  processes,  566. 
tBofd4  orifice.  78,  151. 
Borda's  formula,  793. 
Bournes,  an. 
Bouiey  dam,  390. 
Brass  pipes.  dScharge.  433. 
Brick  conduit,  dlKharge,  438. 

friction,  435. 
finck  drains,  530, 
Brick  fillei,  543. 
Brickwork.  BaciD's  f,  475. 

bitumen,  6ai. 

face  batters.  430. 

specification.  339. 

springs,  6S9, 

temperature,  619. 

well  curbs;  984. 


British  rainlall  inteDSJIy,  377. 
Bnmel,  retaining  walls,  41B.  431. 
Brushing,  pipes,  438. 
Buoyascjr  dains,  775. 

shutters,  77  J. 
Burma,  non-silllng  vekxjly,  768. 

Calibration.  38. 

irregularities,  39. 

Pitot  lube.  69. 
California,  alkaline  soils,  748. 
Colifamlan  absorption,  740. 
Colifomlati  irrig^on,  6a8.  748. 
Califbmian  run-off,  351. 
Canal  head  gates,  £64- 
Canal  heads,  alignment,  753. 

discharge,  165. 

silt.  7S"- 
Canal  irrigation.  907, 

duty,  645. 
Canal  r^idaton.    See  RegnlatDrs. 
Canal  sccti<Kis,  7aB. 
i^'"''*,  alleradoD  in  croa-sectioii,  7c 

(dosure.  660. 

grading,  713.    ■ 
Ca])iUary  elevation,  aj. 
Canioo,  poroas,  588. 
Casing,  dam,  3|0l 
Cast-iron  pipe  aiscbarge,  438,  43a. 

pipe  (bickness,  445,  44J6. 

ten^e  stress,  445. 

Yoong's  moduhis,  Sii.  ■ 
Cast-iron  pipes,  spedficatioti._45o. 


drainage, ; 
flood  discti 


'56. 
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Calchmenl  galleries,  35^ 

ronnulse,  36a. 
Caulking,  449.  4S'-  45".  4S9- 
Ceroeol.     See  Chapler  Hendjng.-p.  957, 

dams,  377. 

hf  diaulic  lime  in  dami.  395. 

lined  pipe  dischaige,  43B. 

rendaiDK,  619. 
Centre  of  gravity.    See  Mau  Centre. 
Cenurifugal  pumps,  869,  937. 

skin  friction,  857. 
Cbalk,  rain-hU  loss,  189. 

water  softening,  593, 

wellt,  35B,  36B. 
Channel  in  bank,  maiqlenuice,  634. 
Channel  of  af^rooch,  gS. 

Channels,  open.    See  Chap.  IX.  p.  469. 
Charcoal.    See  Carbon. 
Chases,  340. 

oonciele,  317,  3«3. 

puddle,  324. 
Chemical  "  fiitmtioii,"  clinwte,  59^- 
Chemical  gauging,  33,  73. 

accuracy,  74. 

table,  76. 

Chenab  canal,  silt,  754. 

Upper,  633. 
Chenab.  Loweb    See  Khanki. 
Circular  orifiees,  pipes,  700,  799. 
Clark's  process.    See  Softening. 
Clay,  hydrauliB  All  dam,  349, 

permeability,  348. 

[vedpilatioD,  56a,  573. 

removal  from  sand,  54a. 

Seedso  PudiUe. 
Clay  precipitate,  deferrisation,  586. 
Cleaning  filler*,  331. 

ferrous  sulphate,  569. 

mechanical,  569.  576. 

slow  sand,  ^30. 
Clearance,  skm  friction,  859. 
Climate,  175. 

droughts,  19& 

duty,  634. 

filtiaUon,  596. 


hydraulic  fill  dam,  350. 
pipe  incnistations,  441. 

second  type,  339. 

third  type,  349. 

tyua.  196. 
Clouds,  evaporation,  191. 
Cippoteiti  notch,  ia6. 
Circular  orifices,  139. 

tables,  149-144. 


slow  sand  filters,  564, 570. 
■oluiioa,  563. 


Coagulation,  lulphtir  process,  369. 

turbidity,  sSi. 

washing  mters,  577. 
Coating  ^pes.  438,  459. 
Cock,  loss  of  head,  j^ 
Coemcient  of  ctmiractfon,  137. 
CoeSicieut  of  discbarge,  capillarity,  1,39. 

high  heads,  ySS. 

normal   144. 

orifices,  137. 

regulators,  730. 

screen,  85. 

waste  weTr,  388. 

watercourse  outlets,  735. 
Coefficient  of  expansion,  39B. 

humidity,  399. 
Coefficient  of  velocity,  137,  145. 
Coke  lilter,  54J. 
Coker,  Venlun  meter,  So. 
Cole's  Pitometer,  71. 
Ccdkus,  461. 

east-iron  pipes,  453, 
CoUcioon  weir,  673. 
Colloids.  586. 
Colour  in  water,  5S6. 

alkalinity,  jGa. 

aluminium  sulphate,  369. 

clay  prs:ipitauon,  5^ 

discharge  by,  434. 

ferrous  sulphate,  569. 
Command,  715.  736,  739. 
Complete  supprrasion,  158. 
Conipiesied  air,  B38,  S40. 

fillers,  580,  5B3. 
Compressor,  air.     See  Hydraulic  Air  Corn- 
Concrete.     See  Chapler  Headit^,  p.  957. 

core  wall,  313,  318. 

creeping  flange,  341. 

dams,  395- 

deposition,  535. 

expansion,  398. 

filters,  335. 

lias  lime,  397. 

plums,  404. 


shuttering,  976. 
slab  speciGcatioki,  ^1. 
specification  for  junctions,  316. 
springs,  68^ 


strength  of  dry  and  wet,  396, 
temperature,  619. 
Condensation,  306. 


Coned  valves,  594. 

Cones,  divergence  loss,  797, 

skin  friction,  797. 
Conical  orifice.  148. 
Constricted  channel,  rivo'  weirs,  668. 
Constriction,  Venturi  meter,  Sa. 
Consumption  of  water,  Austiaila,  tel. 

China,  605. 

dally  variation,  600. 

day  and  night  rales,  60S,  609. 

domestic,  603. 

England,  601. 

Europe,  603,  603. 


lyGcxiglc 


t042 

Con&uniplion  of  waler,  Fn 

Germany,  603. 

hourly  varialions,  59S. 

India,  605. 

JapaQ, 606. 

London,  603.  604. 

S.  Africa,  fo6. 

trade,  603. 
Continenlal  cliinatel,  raia- 
Contour  drains,  356, 

lines,  725. 


1(199  of  head,  79a 

pipes,  790. 

suppressed,  1D4,  11 

steel  pipes,  4(5. 
Conversion  tables,  a. 
Copper  9ulphat 
Core  wall,  305. 

permeability,  348. 

pressure,  319. 

rubble,  3s  a. 

sleel,  354- 

timber,  333. 
Core  wall  and  trend 


589. 


weir  error,  41. 
Curtain  wall,  69&    See  also  Cut  Off. 
CuTYc  reslslance,  aS. 

large  pipes.  30. 

reverse  curve,  30. 
table,  31. 

Weisbach'*  formulie,  31. 
Curved  danu,  403, 


gallons  pa-  hour,  6ts. 
Cue  off,  war*.  683. 

welk  690.    See  abo  Curtain  WalL 
Cycle,  hydraalic  ram,  345.  651. 
Cylindrioal  Orifice,  149,  151, 


,  drainage. 


rSi^' 


Conected  head.     See  Head.  Weirs. 

Cofrosion,  458,  463. 

Cotton,  duty,  630. 

Crack.    See  Fissure. 

Craytish,  684. 

Creeping  flanges,  341. 

puddle,  335. 
Cntical  bead.  143. 

obstructioDS,  791. 
Critical  period,  379,  aSa. 

floods,  177. 
Critical  velocity,  ao. 

"■■    n  and  Thrupp,  33. 


Ventui 


er,  8a. 


rs  and  orifice! . 
Crops,  alkaline  soils,  746. 
duty,  641. 
duty  ratios,  640. 


ers.    Sec  River,_  Cross 


Crolon,  mass  curve/ 330. 
Culvert,  334,  335- 

puddle  load,  337. ' 

slip  joint,  336, 

tunnel,  336- 
Currenl  meter,  33. 

change  of  velocity.  40. 

description.  47. 

errors  in  flood,  jr. 

errors  of  discho^e,  51. 

irregularity,  37. 

laboratory,  48. 

local  velocities,  17. 

manufacturer's  rating,  sa 

oblique  currents,  47. 

Rtot  tube,  67. 

rating,  4S. 


Eiting,  i, 


s,  50- 


:  Uyke  dam,  33a. 

n,  hydraulic  fllT  See  Hydraulic  Fill  Dam. 

asonry.   See  Chap.  VIII.  (SeOioo  B],  p. 


aluice  design,  343. 

slocknimming  flasures.  6gt, 
Damping  waves,  loa. 
narcy,  pipe  fttfrnula,  444, 
Darcy  lube.     See  I^tot  Tube. 
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male,  596. 
defeirisation.  585. 
Delta  Latrage.    Sec  Barrage. 

Depletion,  mass  curve,  333. 

Deposits,  pipes,  437,  438. 
Derived  sJit,  750^ 
Derwent  filtss,  530. 
Desarenador,  344.  . 
Desert,  rnn-ofi,  195. 
Deviation,  rain-fiiu,  177. 
Dew  pondi,  307. 
Diagrams,  graphic,  1014-1037. 
Diaphragm,  loss  of  bead,  790. 
Differential  gauge.  68. 

water  tower,  95+ 
Discharge,  aitesian  well,  373.- 
Bating  (brmula,  474, 
central  surface.  64. 
central  vertical,  63. 
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Discharge,  coDtoui,  44. 
DaTcy  s  formula,  444. 
drain  formula,  383, 
duly,  63a. 
elemeniaiy,  43. 
diminiilion  peiiod,  44. 

flood,  aSo. 


icc-covtied  rivers.  54. 
Kistnawdr,  133. 
Kiiller's  formola,  471. 
large  pipes,  434- 
launder,  13 1, 
Itiails  oS  fomiiilEe,  477. 
Manniog's  formula,  47a. 
mean  velodly  over  vertical,  44. 
mid  depth,  55. 


o'6  depth,  54. 

o-B4-o'3  depth,  54. 

opeD  channels,  ^70. 

percentage  or  rainfall,  377.  aBa. 

pipes.  4»7- 

pipes,  errors  m.  439, 

scrapiag  pipes,  440.  44a. 

sluices,  164. 

sleel  pifea,  453,  455,  457- 


Bl^faQ,  I 


shifEiiigbeds,  93,  95. 

slope,  89,  93. 

tributary,  91. 
E>isk,  friction,  856. 
Displacers,  concrete,  975, 
DistoitioD,  steel  pipes,  4j8. 
Distribulsuy.  635. 

absorption,  737. 


silt. 


743. 


Distribution  of  velocities,  15. 

losses,  800. 

Venturi  meter,  83. 
Divergence,  skin  fnclion,  797. 
Diversion  channel,  354. 
Dome  vilve,  333. 
Domed  dam,  409. 
Domestic  consumption  meters.  6 
Dowlaisheram  weir,  675. 
Draft  lubes,  ttu'bines,  901. 
Drain  capacity.  376,  079. 

dam,  306. 

discharge  formulse,  383. 

spacing,  74s.  746. 
Drainage, 


Uraanage,  aich  spandrels,  Gao. 
dam.  306,  319. 

filleii,  53a 

hydraulic  fill  dam,  331. 
Indian  dams,  333- 
irrigatlon,  635,  748. 
masoOTj'  dams,  380. 
mechanical  filters,  577. 
ptM  colour,  587. 
run-off,  333, 
siips,  335. 
springs,  690. 


flat-lopped,  133, 
Diy  weather  flow,  199. 
Dry^eacs,  depletion,  18' 


Dune  sand  water  supplies,  357, 
Durance,  canal  bead,  765. 
Duty,  609. 
Bari  Doab,  631,  640. 


depth  of  water,  631. 
Egypt,  630, 650. 
estimation,  641. 
Ganges.  63a. 
Indian  floods,  650. 
Kharif,  637. 
maturing  crops,  633. 
Mesopotamia,  636. 
(dot  area,  643,  647. 

C Gibing,  630. 
jab.  Sag, 
Rabi,  ^. 
rain-falT  634. 
rate  of  Sow,  647. 


iinfi 


Sirhind.  640. 

s<Jl,  633,  639, 
temperature,  63 


.  745,  74^- 


wheat,  633.  , 

Earth,  density,  419. 

pressure,  417. 

pressure  on  pipes,  446. 

puddle,  3Ta. 
Earlhdams,  permeability,  348. 
Earthwork,  consolidation,  309,  334. 

humps,  310. 

subsidence,  308. 
Eckarl,  experimenis.  935, 
Eflective  site  of  sand,  35. 
Efficiency,  air  lift,  833,  835. 

hydraulic  compressor,  84a. 

hydraulic  ram,  B49,  853. 
Efduent  waste,  bacteria,  575,  576. 

mechanical  filters,  S74.  575,  576.  5! 
Egypt,  alkaline  soils,  748. 

canal  headworks,  753. 


Di.itradb,  Google 


t,  dqithsol 
i-iiltiDg  veil 


all.  757- 

See  also  Nik 
E^ptian  absorption,  740. 

irrigation,  637. 
Efeclor,  8ao> 

efficiency,  538. 

proportions,  537. 

ratio  sand  and  water,  539. 

sand  wafers.  536. 
Elbe,  mn-ofr,  193. 
Elbow,  reustaoceof,  ag,  31. 
Embaokmenl,  specification,  307. 
Emulmon,  831,  B33,  8^, 
End  contractions,  Baun,  114. 
End  suppretsed  contraction  weir,  iia. 
Eneigy,  mooring  vanes  and  pipes,  861 
Enlargement,  loss  oF  head.  7^3,  796. 
Eiileisenung.     See  IMerrisalion. 
Equalising  reservoir,  aafi,  335. 

driest  year,  333. 

flood,  3B4. 
Erosion,  falls  and  rapids,  73ft 

soft  bricks,  714. 
Escape  troughs,  583. 
Escapes,  635,  664,  70% 

capacity,  70*,  705. 

channel  training,  731. 

Faiiabad,  694. 

ha,  699. 


EnMth  piles,  690. 
Evaporation,  173,  740. 
clouds,  191. 


freew 


r,  007. 


a  curve,  309, 
monthly,  19a. 
nin-ofr,  190. 
temperature,  191. 
Verineule,  319. 
Expansion.    See  CoefGdcnl  of  Expansion, 


joi, 


e,978. 


joints  in  pripes,  4 
timber,  467. 
Experimental  dam,  349. 


ill.  7I3- 


erosion,  73a. 
inteniifier.  995, 
Madras,  718. 


See  al*o^  Notch  and   Needle,  Falls  and 
Falls  and  rapids,  713- 


erosion,  790. 


Field  absorption,  739. 

divlsian,  731, 

irrigation,  730. 
Filter,  area,  531. 

drains,  J93. 

mecfaanicaL    See  Mechanical  Fillss. 

reversed.    See  Reversed  Filters. 

washing,  54a. 
Filtration  rate     See  Itale  of  Filtration. 
Fissure,  Bouiey  dam,  33a. 


masonry  dams,  3S3. 
puddle,  311,  313,  317. 
reinforced  concrete.  416. 
retaining  walls,  431. 
stockramming,  691. 
strain,  387, 
underslulces,  69^ 
weak  dam,  385. 

Finkle,  vdocity  diagrams,  933. 
Fissured  rodt,  dams,  353. 


793. 
s.  740- 

■17. .. 

"  Flats"  discharge,  aSo. 
Flat-lopped  weirs,  138,  130,  133. 

drowned,  133. 
Floats.    See  Rod,  Surface  or  Tum-aoaU. 
Flood  irrigation,  6a6.  649. 

duty,  650, 
Floods.     See  Chap.  VI.  (Section  B),  p.  I7> 

damage,  91. 

K  Otter's  H,  91. 

maxima,  sSi. 

overtopping  dams,  339,  33X 

permeable  strata,  004. 

preliminary  foimuls,  381. 

"•PTJ"'*"".  345- 

subsidiary  gauge.  91. 
Flow  irrigation,  6a6, 
Fluid,  definition,  6. 

Flynn  and  Dyer,  Cippoleiti  notch,  116. 
Forage,  duly  ratios.  640. 
Forcneimer,  well  formuUe,  364. 
Foundation,  dams,  378. 

reinforced  concrete,  416. 
Fountain,  discharge,  151. 

failure,  G97,  701. 
Fractures,  resoni 
Francis,  Hatin  w 
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1,  107. 


rod  float  correction  iormula,  58. 

turbines.    See  Turbines. 

wdr  description.  106. 

w^r  formula:,  105. 
Freeze,  wdr  formtila,  118. 
French  absorption,  738. 
Friction,  air  and  water,  833. 

boards,  B54. 


.Google 


Friction,  cjlindrical  orifice,  149. 
^=™».  369.  374.  394- 

turbines  and  pumps,  857. 
Fliiell,  experiments.  838. 
Frost.  filtB  cleaning,  543, 
Froude,  experiments,  SC5. 
Fleley  A  Steams,  round-edgRl  weirt. 

Galleries,    See  Catchment  GBlloies. 
Gailons.  imperial,  cube  feet,  3. 

easec,^,  61a, 

Uaited  States,  a. 
Galvanised  pipes,  discharge,  439. 
GanKuillel,  471. 
Gardieni,  duty  ratio,  640. 
Garland,  314. 
Gauge,  hook,  lai,  loS. 

localioD  of,  436. 

wheel,  Toi.    See  also  Rain  GqUr. 
Gatig:e-dischiir^.     See  Dischargie  Cun 

mt,  Buin,  10 1. 

Punjab,  103. 

Ganging.    See  Chapter  Heading. 

^Ited  water,  146. 
Gelpke,  accurals  method,  914. 

guide  vanes,  B64. 

tui^nes,  884,  896,  909. 
Geology,  artesian  wells,  374. 
German  absorpiion,  741. 
German  reservoir  capacity,  33S. 

Gibson  and  Ryan,  eiqK~ """ 

Glacios,  run-oir,  307. 
Glaisher  gauge.  183. 
Glasa,  pipes  discharge,  433. 
Godaven  weir.  676. 
Gorge,  dam,  30S. 
Governor?,  resonance,  817. 
Graeff,  orifices,  168. 
Granite  Reef  weir,  673, 
Graphic  diflgrams,  1014-1037. 
Grashof,  pipe  thidnieM,  444. 
Grass,  speciRcatlaa,  331, 
Gravel,  mechanical  filters,  573,  579. 

percolation,  36. 

roughing  filter,  571. 

shuKcr  dams,  773, 

thidcncss  in  filters,  539. 

•rap,  765- 
Gravel-bearing  rivers,  working,  663. 
Gravimetric  gauging,  33. 

methods,  77, 
Gravity  dams,  35S. 
Ground  storage,  189. 


drought,  195. 
equalising  reiei 


equalising  reservoir.  33'. 

replenishment,  aM. 

run-off  and  rain-fall.  3l8. 
Grouting.  391,  680,  688.  690. 

cement.  980. 

fitsured  rock,  319. 

springs,  690. 
Groynes,  683.  6S4. 


Groynes  silt,  750. 

Guide  vanes,  turbines,  8S1,  897,  904,  933. 

Gulp  gauging,  77. 

Gypsum,  alkaline  soils,  743, 

H>-°  values,  999. 
H''<  values,  looa. 
Habra  dam.  £53. 
Hamilton  Smi£,  circular  orifices,  143. 

square  orifices,  154. 
Hat  leather  packing,  ^95. 
Hawksle]^.  cast-iron  pipes,  445. 

reservoir  capacity.  aa6. 


friction  and  shock,  S. 


velocity.  7. 

H-eirs.  98. 
Head  reach,  double,  665,  766. 
Head  works,  635. 

Egyptian,  75a. 

inundation  caual,  670. 

Lombardy,  664. 

mainieoance,  666. 

Talew^  664. 
Height,  dam,  305. 
Henchell,  drowned  weir,  133. 

Venluri  meter,  80. 
High  dams,  371. 
HiUy  areas,  rainfall  loss,  309. 
Hindan  headworks,  751. 
Hook  gauge,  loi. 
Holisonlal  orifices.  14;. 
Horton,  W«i>  Exptrimmli,  3, 
House  fittings,  609. 

~  -bouse  inspectitm,  607. 


Humi 


=.  399- 


Humps,  earthwork,  3 
Hydraulic  air  compressor,  836. 
Hydraulic  fill  dam,  303.  349. 
Hydraulic  gradient,  471. 
Hydraulic  hme,  dams.  377,  393. 

strength  of  mortar.  396. 
Hydraiaic  mean  radius,  471. 
Hydraulic  rams.  S43. 

mdicator  diagram.  S49. 

practical  rules,  85a. 

valves,  807. 

Ibrahimiya  canal.  £96. 
discharge,  739. 

Ice.  thrust  of,  394. 
Impact  losses,  Pellon  wheels,  866. 
tube,  67,  73. 

861,  864. 
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Inctuslation,   cilciam  carbonate,  437.  ^ 

limpet.    See  "Limpels." 

slime.    See  Slicoe. 

sleel  pipes,  457. 

tropical  climates.  441, 

Venttiri  meter,  Ba. 
Incrusted  [»pes.    See  Pipes,  Incrustation' 
Indian  absorption,  73B,  741. 

irrlg;ation,  617. 
ruti-oif,  945. 
Indicator  diagram  84B. 

Inspection,  house-to-house,  607, 
Insular  climates,  rain-rail,  179. 

hsidworks,  753. 

working.  66^ 
Inundation  irrigation,  649, 

duly.  6jo. 
Invisible  storage,  194. 

Iron,  deposits  in  pipes,  43S. 
uUiniBte  bending  stress,  402. 
See  also  Anderson  process  and  Defcrria 

Irreg^larilics  in  stream  bed,  51. 
Irreguliirily.     See    Motion,    Irregular ;    ol 

Rod  Floats  and  other  instrumeols. 
Irrigated  area,  636. 
Irrigation,  fall  and  rapid,  714. 

lining  channels,  735,  740,  748. 

methods,  730. 

seepage,  104. 

See  also  Chap.  XII.,  p.  613. 

iuigalion  canals,  emergenc]'  supply,  638. 
Irrigalion,  deplb  of  water,  639. 

See  also  Duly. 
Iso-hyelals,  iSi. 
ItEdian  irrigation,  637. 

lack  arches,  dams,  396.  • 

Jaipur  dam,  vr}. 
Jamrao  canal,  6g6. 

regulator,  699,  700. 
Jet.  capillarity,  139. 

coalescence,  sKt. 

cross  sections,  137. 

impact  tube,  7a, 

viscosity.  139. 
Jet  pump,  Bao. 
Jets,  Peltoo  wheels.  938. 
Jhelum  bar,  678. 

regulator,  697. 

sill,  754- 

under-sluiccs.  695. 

lohnstown  flood.  387. 
Joint  rings.    See  Collars. 
Joints,  cast-iron  pipes,  447. 
sliding,  395. 

Jumna.    See  Tajewaia. 

Kali  Nadi  aqueduct,  707. 

flood,  3S4. 
Kaplan  types  (A  turbines,  8g6, 909. 


Keller,  rainfall  loss.  aoS. 

Kennedy,  channels  and  sill  traps.  757. 

effect  of  silt  grade,  756,  75B. 

Hydraulic  Diagrawu,  3. 
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silt  I: 

velocity,  733,  734- 
Kennedy  channels,  7a9. 

silt  carried  forvrard,  769. 
Khanki,  754. 

rqipilator,  696. 

training  works,  G69. 

under-sluices,  693.  696. 

weir,  676,  685. 
Kharif.  636. 
Kiari.  644.  73'' 
Kila,  73.. 

Kistna  wdr,  133.  674- 
Knee,  resistance  of,  ao. 
Koihesha..    See  Qiishesha. 
Kuiehling,  787. 
KQlter's  n,  471. 

nuiiliory  vidnes,  1004. 

Sarin's  r,47t 


rod  Floats,  59. 
silt.  473,  477. 
surface  velocity,  64. 


Labyrinth  packing,  795. 

Laguna  weir,  673,  679. 

"  Laitance,"  980, 

Lakes  and  swamps,  nio-olT,  907. 

Lang  dams,  777,  78a. 

Large  orifice,  163. 

Large  weiis.  131. 

Launder  discharge,  131. 

Lead,  pipes  discharge.  43a. 

Leakage,  Barodadam,  339. 

bear  tmp  dams,  781. 

canals,  6a8,  73B,  739. 

catchment  anas,  305. 

ground  surfoce,  307. 

lining  canals,  74a 

puddle  trench.  317. 

town  water,  599. 


I-evel  .  . 

Levelling,  ridge  lines  and  entHS. 

Lime,  milk  oF,  399. 

See  bIw  Milk  of  Lime. 
Limestone  fillers.  43 B. 
Lime  >vater.     See  Milk  of  Lime. 
Limpets.  437,  439,  441,  444. 
Lias  lime  concrete,  397. 
Lift  irrigation.  G36. 
Lining;  chaands,  740,  748. 
Locking  bar  pipe,  461,  46a. 
LoFIel  wheels,  937,  931. 
Logarithmic  pipe  formula,  431. 
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fitter  sand  specific 
Low  dams,  333. 
IiUcern,  duty  ratio, ' 


Clark's  process,  593. 


Magnesia  M 
Mohanadi  w 


Mains,  b 

Incnisted  and  dnui,  613. 
leakage,  fioB,  6ia. 


Mainienance,  651, 

dUtri  binaries,  738. 

fails,  717. 

falls  and  ra[Hds,  jai. 

beadworks.  666. 

inundation  canals,  670. 

weir,  type  (B),  673,  675. 
Maii^  643, 
Malaria,  647. 

Manf;anese.    See  Defertisation. 
Man^nese  deposit  in  pipes,  438. 
Manning,  discharge  formuki,  473,  47B. 
Manure,  duly,  641. 
Marcile,  647. 


B,  3'9.  3a3- 


specilic  gravity,  36a. 
Masonry  core  walls,  317 

Cyclopean,  380. 

depth  to  resist  pressure,  709. 

eipaiuion,  399. 

servlee  reservoir,  618. 

specification,  339. 
Masonrv  dams.     See  Cliap.  VIII.   (Sectio 

B),  p.  356. 
Mass  centre,  buttresses,  414. 
Mass  curve,  339. 
Mean  value,  17a. 
Measuring  apporalu 
Mechanical  fillers,  5' 

area,  S77- 


dislnfectioa,  584. 

effluent  waste,  574,  573,  576, 

filter  bed,  579- 

filtration  rale,  $jg. 

bead  lost,  577. 

iiregTilar  wolking,  574,  576. 

pipes,  563. 

rate  of  filtration,  573. 

strainers,  578,  5S1. 
Melbourne  run-on,  sor. 
Menufiah  regulator,  701,  701. 
Meters.    See  Water  Meiers. 
Metric  equivalents,  a. 
Middle  third  rule.  361,  374,  379. 


MiddletoQ,  reservoir  capacity.    See  Roller 
Milk  of  lime,  570. 
Minemi  waters,  artesian  well,  373. 
■    -'ifall  loss,  309. 


conditions,  73,  830,  831. 
Module,  730,  736, 
Modulus,  bulk.  Si  I. 

Young's,  Hii. 
Moldau,  run-off,  193. 
Monsoon,  run-^,  318. 
Month,  monsoon  and  snow,  318. 
Monthly  run-ofl,  Vermaule.  231. 
Mortar,  impermeable,  983. 
MotloD  of  water,  ctaaracier,  798. 

irreguiar,  36.  41. 

periodic  unsteady,  11. 

stream  line,  17. 

turbulent,  17,  434. 

tmiform,  io> 
Mountain  streams,  run-off,  xoB. 
Movable  dams.  771,  77B. 

NagpuT  rainfall  and  run-olT,  344. 
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Baiin's boundaries,  400. 
drowned,  137. 
pressure.  33,  134, 
springs  free,  lai. 
standing  wave,  197. 
types,  no. 

Narora  under-slulces,  693, 
Narora  weir,  671,685. 

Needle  falls,  715. 

Needles,  657,  713,  715,  77a,  775,  776. 

Nile,  Ibrahinittih  canal,  750. 

ipe.  7S3i  757- 
Nipber  shield,  183. 
Non-silting  velocity.    See  Kennedy. 
Notch,  98. 
calculation  in  canals,  734. 


Oblique  weirs,  118. 
Obstructions,  KOtter's  ■,  473. 

loss  of  head.  786. 
Odours  in  water,  589, 
Ogee  fall,  653,  653.  7'5- 
Okla  weir,  673,  6B3,  697. 
Old  pipes.     See  Ageing. 
Orifices.    See  Chapter  Heading  No.  V.  p. 


1,35- 

critical  velocity,  aa. 
graphic  diagrams,  1033. 
Outlet,  balanced  gate,  336. 

capacity.  343. 
bead  wall,  343. 
P^K^333- 
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Overflow  dam,  form  of  face,  399. 

vacuum.  415. 
weirs,  139,  131. 
Overhang,  366. 
dams,  370. 

Packing,  hat  leatber.  595. 

Irthyrinlh,  795, 
Ponicum  eras  ^li.  744.  74^. 
Piuabolic  dam,  365. 
Pnrlter  dams,  777,  779. 
Partial  suppressioD,  158. 
Partially  luppresiad  oHIice.  147. 
Partially  suppieised  rectangular  orifice,  158. 
Pearsall  Ram,  849. 
Pearson  dams,  374,  375. 
Peal,  drainage  and  colour.  587. 
Pelion  wheels,  864,  866.  937,  939. 

efficiency,  933. 

velocity  equation,  S6a. 
Pendulum  valves,  85a. 
Percolation.  173. 

alluvial  deposils.  36. 

dam,  331. 

dirty  sand.  36. 

failure,  389. 

puddle,  31a. 
puddle  wall,  333. 

sodium  cnrbonate,  743. 

table,  27. 

velocity,  aj. 

See  also  Leakage. 
Perennial  irrigation,  626. 
Permanent  liardnesi,  rerrooi  sulphate,  568: 
Permeability,  358. 

artesian  welli,  073. 

clay  puddle.  348. 

— ■■-  dams.  348. 


table,  i&g. 
Permeable  strata,  floods,  304. 
ground  storage,  18B,  193,  345. 
Puentes  dam,  389. 
rain-fall  loss.  an. 

Peuch-Chabal.  544. 
Piers,  under -sluices,  693. 
E>i]es.  dam,  389. 

Esneh.  690. 

grouting,  690,  691. 

wells,  691. 
Piling. 


319- 


Pipe  bands.  465. 


-  .^~  ^^uas,  ancnonni;,  403.    - 

Pipe  coaling,  specification.  437. 

Pipe  discharge,  gallons  per  nunule,  418. 

Pipe  ioinis,  44B,  449.  450,  451.  453,  456,  461 

Pipe  laying,  429,  448, 

specification,  450. 
Pipe  mains,  calculation.  61a.  < 


Pipes.    See  Chap.  Vi[I,  p.  491. 
air  in  filters,  5B1. 
capillary  motion,  34. 
circular,  789. 
coapilating  lolutioa,  563. 
cuDical,  797. 
contractions,  793. 
creeping  flange,  341. 

discharge  of  1^^,  434. 
distribution  of  woaties,  19. 


inlet  to  service  reservoir,  6iS. 


loss  of  bead  at  contractioD,  790. 

loss  of  head  at  diaphragms.  793. 

loss  of  head  at  enlargements,  793. 

loss  of  head  at  obstmctious,  7S6. 

losses  of  head,  796. 

motion  of  body  in,  8^5. 

motion  of  water,  661: 

old.    See  Ageing. 

orifices,  B41. 

Pitol  lube,  69. 

pressure  by  waler  bantnwr,  810,  Six 

pressure  diagrams.  Sii. 

pressure  orihce.  68. 

proportions  of  n 


e,  835. 
resistance  of  bends,  3 


s,  B16, 

resonance  fractures,  817. 

shock  at  entry,  863,  864. 

stiffness,  763. 

tapered  in  air  lifts.  836. 

transport  of  sand,  539, 

turbulent  motion.  iS. 

Tullon's  ibnnula,  6i3. 

vdocilji,  43a 

Venturi  meter,  Sa. 

water  haronler,  809. 
Piping  failure.  701. 
Piston  flow.  830,  S34. 
Pitching.  330. 

aqueducu,  707. 

bTidges,  711. 

escape*.  704- 

falls,  71:8,  731. 

hill  anA  rapids.  719. 

roughened,  707.  730. 

specification,  331. 

syphons,  TOO. 
Pilomeler.  Cole  »bA  Grf^ory,  71. 


pressure  orifice,  67. 


.Google 


INDEX                                            K 

Pitoi  rating,  w 

Qusheaha,699. 

Mill  and  mnning  water,  39. 

escape,  699. 

Plaster,  dams,  395. 

Rabi,  636. 

Plating,  slDi«  Kates,  990. 

Radial  exit.  lUTiiioes,  8S3. 

waler  tanks,  993. 

Rails,  dam.  308. 

Plot  division,  733,  743. 

Rain- fell,  173. 

Pknighing  watering.    See  Duly. 

altitude,  iBi. 

Plug  chases,  340. 

culvert,  335. 

cycle,  177- 

cflseharge  percentage,  377,  383. 

specification,  339. 

"  Plums,"  concrete,  975. 

diversion  channel.  355. 

Poiu.in^dam,,,396. 

drought,  194. 

duty.  634.  646. 

Pde  and  plug  valve,  333. 
PoUulion  wdls,  965. 

errors,  300. 

ground  storage,  1S7. 

Popiilalicm.  6ai. 

intensity,  »7S- 

Portland  cement.    Sec  CemenU 

long  period,  177- 

Ptecipitallon,  aoj,  30d 

mean  annual,  178. 

Predpilation,    day.      See    Clay   Predpita- 

ratio,  .78. 

seasonal.  183,  303. 

lSr»" 

variabiUly  in  space.  180, 

variability  in  time,  176,  177,  336, 

SriS'-S«dv„o.r„. 

wet  and  dry  seasons,  196. 

earth,  417, 

yearly  ratios.  337. 

ITUOge,  6. 

Rain-fall  and  run.off.    See  Run-olT. 

maximum  in  dams,  37a. 

,  Rain-fall  loss,  173. 

mooring  vanes  and  pipes,  S62. 

British  uble,  337-9. 

orifice,  67-68. 

Ions  per  square  foot,  +05. 

first  type,  197- 

unit,  5. 

German,  ao8. 

weir,  671. 

working  on  sand,  etc,  6S3, 

Pressure  gauge,  capillary,  03. 

Venluri  meter,  84. 

probable  error,  310. 

Private  water  supplies,  607. 

summer  and  winler,  19S. 

temperature,  186,  193,  319^ 

Puddle,  base  of  wall.  333. 

tropical,  a49. 

United  Stales,  340.  054. 

dam  fiMures,  378. 

very  wet  areas,  314. 

fillers,  S34. 

Victorian,  353. 

Indian,*3ia. 

Indian  ireoch,  333. 

location,  300. 

nm-off,  303, 

settlement.  335. 

spacing.  181. 

speeiiicalion.  3'o. 

(enacily.  313. 

Rainstorm,  irrigation,  705. 

thickness.  31a. 

mass  curve,  330. 

trench  filling,  315. 

motion,  383. 

trench  garland,  314. 

third  type  of  climate,  197- 

trench  leakage,  317. 

See  also  Clay. 

Raised  siU,  699. 

Puentes  dam,  389. 

IkUs  and  rapids,  733. 

Pump,  shock  at  closure,  803. 

Madhupur,  663.  664. 
ogee  fafis.  653. 

Pump  valve,  794,  Boa. 

Pumps,  airlift.  831. 

centrifugal.  See  Centrifugal  Pumps. 

SiA^,'6^,'66o. 

jet,  Bao. 

Pumping,  service  reservoirs,  613. 

Ram  weir.  675. 

Punjab,  alkaline  soils,  748. 

Rammine.  309. 

canal  silt,  7S7.  76°. 

Rams,  hydraulic    See  Hydraulic  Ram*. 

Kennedy's  observaiions,  7S3' 

Rapids,  7"3- 

ploughing  duty,  646. 

sa-^r*^"^-^^- 

See  al'so'lills. 

:;rr^"^^'^l^«\l?^fDisoharg«,.o„. 

Rate  oF  filtration,  cleaning)  531. 
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Ravi,  66i,  665. 

Ravf  sand,  537. 

ReclBmadon,  alkaline  soils,  743,  744. 

Rectangular  orifice.  155,  159.  - 

Reducing  valve.  609,  617, 

Reflux  valve,  611. 

Regime,  655. 

Regulaling  apparalus,  fiUration,  593, 

Regulator,  656,  695. 

apron,  £97. 

bellmouth  sluices,  766. 

branch  canal,  7:1. 

capacity,  698,  700,  730. 

cby  foundations.  666. 

discharge,  165. 

erosion,  70a. 

fall  and  rapid,  714. 

floor  thickness,  697. 


699. 


irrigation  can^.  7 

Smrao,  699,  700. 
adhupur,  663. 
Menufiah,  701,  70a. 
raised  sill.     See  RaUcd  Sill. 

Tajewala,  663. 

Trebeni,  69S. 
Re^lators,  branch  canals,  711. 

failures,  701. 
Reinforced  concrete,  culvert.  336. 

fissures,  416. 

syphons,  710. 

temperature,  690. 
Remodelling,  735. 
Rendering,  concrete,  977, 
Repairs,  fells,  717. 

house  fillings,  609. 

Narora.  671. 
Replenishing  period,  184,  334. 
Reservoir  capacity,  aa6,  zaS,  94B. 
Reservoira,  absorption,  737. 

escape.  706. 

evapoiation,  740.- 

flood  equalisation,  184. 

ground  vrater,  347. 

irrigation,  627. 

maximum  capacity,  036. 

outlet.   336,   343.    S«e  also   Outlets  a 
Valve  Tower, 

seepage,  740, 

silting,  344. 

stripping.  587- 

terminal.     See  Service  Reservoirs. 

three  dry  years,  3a6. 
Residual  irregularities,  173. 
Resonance,  pipes,  S16. 
Retaining  walls,  417. 
Retrogression  of  levels,  656. 
Reverted  filter,  333,  337,  686,  689. 

toe  wall,  335. 

weir,  673,  683. 

wells,  36B. 
Reynold's  critical  velocities,  19. 


"'dS't'^l'l 

Ring  banksl  689. 

River  banks,  73^. 

River  cross  Eecuons.-upect.  90. 

discbarge,  86. 

survey,  89. 
River  discharge,  duty,  639. 
River  r^ulation,  movable  dams,  773 
River  working,  65S-67a 

iinder-sluices,  693,  695. 
Rivers,  Baan's  y,  475. 

deeps  and  shallows.  9a, 

Kfitter's  R,  473. 

shifting  beds,  93. 
Riveted  pipes,  discharge,  438,  43a. 
Riveting,  460,  46a. 


Rirets,  obstruction,  453,  457- 

spedlicalioo,  459,  461. 

turbines,  903. 
Rock  fill  ctom,  3SI. 
Rock,  Assured.  319. 

working  stresses,  404. 
Rock*  catchment  areas,  350,  356, 
Rod  floats.  33. 

correction  formula.  5S.  60. 

description,  An. 

error,  43,  sfi,  59. 

&ir  runs,  41. 

immersed  length.  57. 

irregularity.  37. 

number.  37. 

Rolfe,  reservoir  capacity.  337. 

Roller  bearings,  77^  99a 

Rollers,  308.  333. 

Roofing  service  leierroire.  6ao. 

Rotating  discs.  8^6. 

Roughened  pitching,  730,  731. 

Roughing  filters.  544,  571. 

Round  edged  weirs,  131. 

Rubble  core  walls,  35a. 

Rugorily,  co-etGcient  of.     See  KQtter 

Run-off,  173, 

agricultural  drainage.  393. 

American,  3r4. 

diversion  channel,  355. 
equiralents,  3. 
error  in  rainfall,  300. 
evaporation.  185.  190,  193. 
glaciers,  307. 
ground  water,  187. 
monthly,  335. 
mountain  streams,  ao8. 
rainfoll,  184. 
rain-gauge,  303. 

statistics,  174. 
Sudbury,  317. 
Thames,  316. 
iDpograpbical,  187. 
topography,  193,  304. 
vegetation.  185. 
Run-o(Fand  rain-fall,  ground  wsier,  3 
hill  and  valley,  340. 
Indian  ratios,  347. 
monsoon,  343,  343. 
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Run-off  aiiil  ninfaJl,  proponlonst,  aiS. 

lecORis,  mS. 

sobtTadive.  317. 

third  lype  oTclimale,  349. 

Venneule,  919. 
Rupar.    See  Sirhind. 

Salt  land.    See  Alkaline  Soils. 
Saadr  BouEey  dam,  jg^. 

cleaning  and  effective  size,  533. 

effective  liie,  35. 

Egypt,  679. 

in  concrete,  960,  969. 

Madras,  673,  679. 

mean  diameter,  36. 

mechanical  filters,  573,  579, 

percolation,  35. 

pS'Colation  in  diriy,  3ti. 

pi{^,  683,  697, 

pockets  in  concrete,  317, 

C'dle,  313. 
jab,  679. 
ripe,  539. 

rongiuDf;  filter,  571. 
sifted,  540. 

'  IS  and  permeftbtlily,  MS9. 


sizes,  679. 

specification,  530. 

suspension,  5S0,  583. 

tblckneSB  in  filters,  539. 

transport  in  pines,  539, 

unlfonnitjr  coefEicieni,  35. 

voids,  35. 

wBihing,  579. 

woriting  pressure,  683. 
Sand  bearing  rivers,  6j9. 
Sand  doru,  337. 
Sand  filters,  climate,  598. 
Sand  tiling,  wells,  167. 
Sand  traps,  664,  665,  764. 
Sand  washing.  535,  54'- 
Sand  waves,  slope  01  river.  93. 

velodty,  9a, 
Saph   and    Schroder,   pipe    discharge,    433, 

434- 
Salorated  solution,  73. 
SaluralloQ  plane,  slope,  348. 
Savannah,  rain-fall  intensity,  375. 
Schmuudecke,  formatkni,  599. 

mechanical  filters,  573. 
Scour,  bed,  731. 


Bell  dyke,  667. 
Keonedj 


y's  rules,  703- 
nm'  working,  G58. 
sluice  capacity,  344. 

*«'<x^')'.  751  ■ 
Scouring  sluice*.    See  LTnder-sluiees. 
Scraper,  filter,  543. 

hatch,  44L 


gauging,  33.  e 
niechanical  fill 


mechanicar  filters,  579, 
SecottdfooL    SeeCusec 
Seooodary  catchment  lureas 
Sedimentation,  571. 

Clark's  process,  593. 


Sedim 


'.596. 


coagulation  process,  567. 
deferrisaljon,  5S6. 
duty,  646. 
seepage,  194,  740. 
slow  sand  filters,  564. 
sohening,  ,^93. 
turbidily,  533. 
See  also  AlHorption. 
Service  reservoirs,  615. 
pacity,  t 


Sextant,  36. 

Sharp-edged  orifice,  141. 
Shan>^ged  vreir  or  iralch,  ic 
Sbarp-edged  weir,  graphic  dit 


i.  373- 


Sbeering  strength,  dams,  397. 
Sheffield,  mnss  curve.  931. 
Shock,  vanes  and  pipes,  863,  864. 

Shoot,  disdiarge,  159. 
Shrinkage,  eaithworlc.  309,  324. 

hydraulic  fiJl,  35r. 
Shutter  dams,  773,  773,  774. 

bouldas,  775. 

oi....._:__  . .„_  gj^_ 


'Shuttering, 


river  crossings,  711 

Sidbnai  Bar,  657. 
Silt,  749. 


701. 


adjustment,  763. 

Bann's  r.  477. 

bear  trap  dams,  779,  781. 


bottom  velocity,  65. 
classifier,  759. 

cleartuici:,  6s6,  696,  738.755. 
coarse,  757. 

constricted  channel,  668. 
deposits,  733. 
dinerential  gauge,  73. 
distributary  banks,  73S. 


butary  banl 
Uon  channe 


Tails  and  rapids.  733. 


grade,  659,  755,  75B. 
ground  vraler,  347. 
head  reach  deposits,  76 
Kennedy  channels,  769 
KOlter's  «,  473,  *77- 
maJnlenancc,  65^. 
modules,  736. 


>i  7SS. : 


needles  and  stop  plan 
non-silling  velocities,  769. 
notches,  116. 
outlet,  343. 

C'lles,  655. 
fabj  737,  760. 
reservoirs,  344. 
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Sill,  liver  working,  658, 
sand  trap,  76^. 
Sirhind  deposits,  639,  661. 
sitin  friction,  703. 
slope,  93,  757, 
spacing  of  traps,  765. 


s.««nd. 
syphons. 


{,  691. 


:nded.  r. 


s.  3»4- 


3.  666,  e 


.,  761. 


.»  and  channels,  757. 

turbidity,  763. 

warping,  749. 

watercourses,  756. 

weight  of,  7*7- 

Sse  alio  Kennedy. 
Sind,  non-ulling  velocity,  768. 
Sirhind  canal,  704. 

discbarge,  738. 

escapes,  705. 

head  works.  659,  751. 
[regulator,  699. 

silt,  76J. 

under-Bluices,  694. 
Skin  friction,  ageing  pipes,  443. 

Bernouilli's  equation,  4S0. 

brickwork  and  concrete  syphons,  496. 

cleaiance,  859. 

conical  pipe,  797. 

iel  pumps.  833, 

locking  bar  pipe.  46a. 

pipes,  437. 

sand  and  water,  540. 


Sliding  joint,  595. 
Slime.  437. 
Slip-joint,  culvert.  336, 


dralna^,  335. 


Indian  dam,  335. 
KU  tier's  n.  473. 
sih,  93. 
Slow  snnd  fillers,  539. 
applicability.  53a. 

odours  and  taste).  5S9.    See  also  Cbaptei 
Heading,  p.  E. 
Sluice,  CrHming,  903. 

loss  of  head,  788. 

movable  dams,  773.  775. . 

plating.  993, 

repairs,  343. 
Smooth  pipes,  discbarge.  433. 
Smooth-topped  weirs,  lag. 

run-oif.  aiS,  oao. 
Snowdon  gauge,  i8a. 

Softening,  437,  590. 

Soil  fertiTity,  alkaline  soils.  749. 

Soils,  duty,  64a. 

Sone  weir.  673. 

Sound  velocity.  Sit. 

Soundings,  34,  51. 


Soundijigi.  hemp  cord,  35. 


rapid  nver,  3S. 

aeitaot,  36. 

sinker.  35. 

small  stream,  35. 
Special  crops,  duly,  64^ 
Specification,  asphalte,  460. 

brickwork,  339. 

cast-iron  pipes,  446.  450. 

caulking,  451,  459. 

concrete  surfaces,  316. 

culvert  plug,  339. 

dam  casing,  33a 

dam  site.  306. 

embankment,  307. 

grass.  331. 

hydraulic  qualities,  pipes,  407. 

liiQdon  filter  sand,  530. 

masonry,  339. 

pipe  coating,  437,  43B.  460. 

puddle,  310, 

rivets,  459,  461. 

steel  pipes.  459. 

wood  pipes,  464. 
Spillway.    See  Waste  Wdr. 
Spillway  dam.    See  Overflow  Dam. 

Sponge  filter,  543. 
^>oon  wheels,  927.  931. 
Springs.  688. 

closure,  689. 

collection.  357. 


hydmulic  rams 
load  on,  B07, 
sealing.  689. 


850. 


S.74''- 


Standard  weirs,  los. 
Standing  wave,  weir,  688. 
"Starters"  syphons.  819. 
Steel,  minimum  plate  thickiiass,  463. 
specification,  461. 

Young's  modulus,  811. 
Steel  core  walls,  354, 
Steel  pipes.  453- 

specification.  439. 

syphons,  709,  710. 
Steel  rings,  cast-iron  pipis.  44S,  449, 
Stilling  well.     See  Gau^  Pit. 
Stoclcramming,  691. 
Stone,  shearing  strength,  371. 
Ston^  gates,  893.  698. 

bearings,  9S9, 
Stop-cocks,  607. 
Stop  planks.  719. 
Storage  depletion,  330,  a»a 


Storage  period,  1S4,  a 
Stored  water,  18S. 
Strain,  fissures,  3B7. 
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Strainers,  578,  jSa. 
Stream,  flood  dischaive.  aBo. 
Sueam  flow,  geology  (faulu),  305. 
Stream  line  motion,  17. 
Slre&i,  casl-iTon  tensile,  445. 

cnubing.  timber,  466, 
eipaniion.  limber,  467. 
fisiims,  3S7. 
pipe  bands.  467. 


ilting.  99 
Xng,"""' 


e,  413. 


Stripping,  specifica' 

Structures,  stnaaes  and  strengths,  937. 

Submerged  orifice,  146,  16a,  163,  168. 

Subsoil  water,  inigalioD  quota,  747.      I 

Sud,  evapoiBtion,  30^. 

Sunr-caue,  duty  ratio,  64a 

Sidphur  coagulatioD,  5159. 


Suppce 


s,  179. 


See  Ctmiradion. 


SuppresMd  iqaanoTiflce.  t 
SoppRStion,  158, 
Stuones  trestle*.  776, 
Surface  floats,  33. 
tUscharge  formula,  61. 

fair  runs.  41. 

flood  and  tresfaet,  6a. 

Hailacber's  metbod,  61. 
Surface  friction,  855. 
Surfoce  irregularity,  37. 


Sutlq,  6^9. 

Swamps,  nin-off,  307. 
Sylvester's  process,  9B4. 
Syphons,  ^5,  70B,  333.1 


Tail  thickening,  dams.  383, 
Tajewala,  663.  663,  664. 

regulator,  609. 
Taluj,  repots,  688. 

weir.efc. 
Tank,  inigalion,  637. 

See  also  Reservoir. 
Tarred  pipe,  discharge,  43S. 
Tastes  in  water,  589. 
Tawi  syphon,  710. 
Tees,  611. 
Tension,  dams,  377. 
Temperature,  aitoan  well,  373. 

brickwork,  619. 

dams,  398. 

duty,  635.  645. 

evaponbon,  191. 

inundation  irrigation,  649. 

orifices,  145. 

t^pes.  4S9. 

lain-fall  loss,  186,  193.  319. 


Temperature,  reinfora 


Thomson,  tnangular  notch,  114. 
Throttle  valve,  7S9, 
Thunderstorms,  181. 

See  also  Rainstorm. 
Timber,  aqueduct,  71 8. 

core  wall,  353. 

enuhing  stress.  466. 

durability.  468. 

expansion,  467. 

KUllei's  B,  473. 

piling,  319. 

specification,  464. 

Timbering,  453,  454 

trench  width,  313. 

walings  and  runner,  Sis- 
Tobacco,  duty  latio,  6^ 
Toe  wall,  335. 
Torpedo  snlter,  it 
Torquay,  rain-fainoss,  197, 
TowD  water  areas,  rain-fall  loss,  aio. 
Town   water   supply.     See   Chap.   Xt. 

597. 
Trade  supplies,  606,  609. 
Training  banks,  665.  6^,  668,  669, 

Bell's,  653. 

falls  and  lapldji,  731. 
Training  dykes,  mainten- 
Trebeni  regulator,  698. 
Trench,  width,  313. 
Trestle  dams,  773,  775, 
Triangular  notch,  114. 

duty,  643. 

H"'*  valnes.  looa. 

^bable  error,  115. 


Triangular  weir,  130. 
Tributary,  discharge  curve,  91. 

floods,  91. 
Tropics,  rainfell  intensity,  379. 
Trough  sand  washers,  536. 
TnisKd  frames,  994. 
Tube  gauge,  183. 
Tunnel  outlet,  336. 
Turbidity,  bacterial  size,  575. 

coagulation,  561. 

ferrous  sulphate,  569, 

mechanical  filters.  573. 

silt,  763. 

ilow  sand  fillers,  533. 
Turbine,  energy  equation,  663. 

resonance,  B17. 

skin  friction,  B57. 
Turbines,  869. 

design,  S61,  8S5,  930. 

efficiency,  898. 


efficiency,  81 
«ii  angle,  s 


Digilzed  by  Google 


Turbines,  hone  power.  B94. 
regulation,  913. 
Type  II..  891. 


Turf,  306,  331. 
Turned  joints.  450. 
Tutton's  formula,  437,  613. 

steel  pipe,  457. 

table.  47a. 
Twin  floats,  54. 
Two  angle  survey,  36. 
Typhoid,  534. 
Underflow,  305,  357. 

climHtts  of  second  type,  348. 
Under- sluices,  £93. 

Rengal  galea,  695. 

capacity,  661,  665,  694. 

discharge,  165. 


69s. 
r.  333- 


Jhelun 


TajewaU, «_. 
Uniformity  coetfidenl,  35. 
United  Stales,  absorption,  741. 

ruin-fkll  intensity,  378. 

rain-fall  losses,  354. 

reservoir  capacity,  laS. 
Units,  conversion.  3. 

length,  time,  etc.,  5. 
Unwin.  cast-iron  pipe  thickness,  445.  447. 

ciperimenls,  856. 

pipe  formula,  433. 

weir  formula,  130. 


sTpbons,  834. 
Valve  lower,  333,  335,  341. 
Valves,  611. 

automatic  diaphragm,  594. 

balanced,  resonance,  817. 


dome,  333. 

head  lost,  787,  80s,  845- 

hydra.ulic  rams,  844,  850. 

loading.  Soj. 

motion  in  pumps,  803. 

pendulum,  850. 

pipes,  785. 

pole  and  plug,  333. 

pump,  794. 

reducing,  609. 

rubber  beat,  844. 

seats.  847. 

shock,  Bla. 


throtSe,  789. 
Vane,  motion  over,  B63. 


Vapour  pressure,  temperature,  1S6. 


Vegetables,  duty  ratio.  640. 
Vegetation,  growth,  104,  334. 

water  consumption,  »34. 
Velocity,  9. 

aqueducts,  70S. 

artesian  wells,  274. 

bottom,  65. 

central  surfiace,  64. 

central  vertical,  63, 


irregulaiity,  13. 
local  distribution,  15. 


3f  points,  5». 


"■.  751.  7S«- 


surfoce,  63. 
syphons,  708. 
Velocity  of  approach,  98.. 

Velocity,  coireclions,  113- 

orificcs,  139,  145. 
Ventavon,  canal  bead,  765, 
Veoturi  meter,  33,  79. 

formula,  Ba 

miuimum  Telocity,  83. 

pressure  gauge,  84. 
proportions,  83. 
temperature,  8^ 

Venneule  run-oflT  ai9- 

an  rainfall  aikd  run-oCE,  351. 

Virgin  soil,  irriguion,  635. 
Viscosity,  B. 

Volume,  laaaonTy  dam,  368. 
Volumetric  chemical  met 
Volumetric  gauging,  33. 

Vortex,' 38,651. 
Vyrawy,  354,  398. 

Walings,  313. 
Warping,  749. 
Washing,  volume  of  water.  583. 

waste  after.    See  Effluent  Watte. 

water  pressure,  581. 
Waste  of  water,  607.  639.  6401 

hourly  variation.  598. 

reduction,  609. 

See  alio  Absorption  and  Leakage. 
Waste  weir,  3B7. 

breadth.  303. 

Hawksley  formula,  386. 

s't,  317- 
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'   Weirs,  Khaaki,  676,  685. 


Water,  bulk  modulus,  811 


Watercourses,  733. 
caipadtjF,  733, 
distnbutary  lerel.  730. 
iiritration.  635. 


iordi 


i;?s:.„ 


Waterfall,  discharge,  131. 

water  cushion,  717. 
Water  hammer,  44J,  809. 

stmsea,  463. 
Wauriagt,  oboonnal,  649. 


WatetloggiDg,  74S. 
Water  meters,  607,  61 
sale  by,  608. 


See  Softening  and  Clark's 


Wat. 

Water  sofleiiiag. 

Water  tanks,  plating,  993. 
Waler-lightness,  dams,  395. 

dusting,  403. 

remfonzd  concrete,  413. 
Water  tower,  615,  944,  994. 

differential,  955. 
Walcryear,  183. 
WaTes,  damiHng,  109. 
Wayes.  heigfil,  331. 

sill.  478. 

velocity,  Bio. 
Webber,  eiperiments,  B38. 
Weep  holes,  431. 

Weir  coefficient,  foils  and  rapids,  733. 
Wefr  gauging,  33. 
Weirs.    See  Chapter  IV.  p.  96. 

American.  673. 

apron,  683. 

apton  and  talus  widlb,  6Bci. 

apron  thickness,  6S1. 

chemical  gauging,  77. 

circular,  151. 

Cfdlqroon,  679. 

concrete  apron,  675. 

constricted  channel,  668. 

critical  velocity,  33. 

current  meter  discharge,  56. 
curtain  wall.  679. 
cut-off.  6B3. 
dam  or  core  wall,  681. 
deep  foundations.  673. 
description.  67S. 
Dowlaisberam.  675. 
failures,  685. 

Godaveri,  (75. 
Granite  Reef,  673. 
graphic  diagrams.  1016. 
groynes,  6E3,  664. 

irrigation.  635. 


maintenance.  673.  67B,  668. 

Narora.  671,  6S5. 

ogee.  675, 

Okla,67a. 

percolation.  677. 

piling,  670. 

piping,  683. 

Pitol  tube,  43. 

pressure  under,  671. 

puddle  apron,  676,  677. 

Ralli,  675. 

reversed  filter,  67a,  683. 

rod  float,  59. 

rubble  aprons.  675. 

rubble  foundation,  676. 

gutters,  681. 

^e  contractions.  Baiin,  114. 

Sone,  673. 

springs,  67a. 

standing  wave,  686. 

timber,  684. 

types.  671. 

velocity  head  figures.  998. 

water  cushion.  675. 

widlb.  G79. 

working  pressures,  683. 
Wdsbach,  experiments,  785. 
Well  irrigation.  644,  645. 

canal  Irrigation,  636. 

duty.  645. 
Welt  curbs,  984. 

plugs.  a58. 
Wells,  305. 

artesian.    See  Artesian  Wells. 

blowing.  364,  365. 


deserts,  350. 
formulae,  360. 


:  walls,  690. 


pumpings  contours,  363, 

rain-hll,  a68. 

reversed  filter,  366. 

yield,  364,  367. 
Wet  areas,  rainfall  loss,  309,  aio. 
Wheal,  duly,  633, 

duly  ratio,  640. 
Wheel  gauge,  loi. 
Wheel  vanes,  turbines,  897,  915,  919. 
Widlh,  dam,  33a. 
Winler,  floods.  379. 

lain-fall  iniensily,  37B. 
Wood  pipes,  coating,  468. 

discharge.  438.  43  a. 

specification,  464. 
Workmanship,  coefficient  (rf  discbarge,  145. 

Worm  gearing,  991, 

Yearly  mass  curve,  333. 
Young's  modulus,  811. 
Yuba  d£bris  dam,  719. 
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Brainard,  F.  R.    The  Sextant     (Science  Seriea  No.  lot.) i6mo, 

Brassy's  naval  Annual  for  igri 8vo, 
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History  of  Decorative  Art 1 
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half  morocco,  a  s« 
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Diagram.    Sold  aeporately 'i  00 
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Cain,  W.    Brief  Course  In  tfae  Calculus lamo,  *i  75 

Elastic  Arches.     (Science  Series  No . .  4&.) i6mo,  «  50 
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(Sdeoce  Series  Ho.  4a.) t6mo,  o  50 

Theory  of  Vonssoir  Arches.     (Science  Series  Ho.  la.) i6ma,  o  50 
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Caven,R.M.,  and  Lander,  G.D.     Systematic  Inorganic  Chemisby-iamo,  *3  00 
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Water:  Its  Purification  and  Use  In  the  Indostrles Svo,  *a  00 
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Vol.   I.    Constniction *3  00 

Vol.  n.    Design (In  Pm*.) 
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Water  and  Water-Supply.     (Stience  Series  Ho.  17.) i6mo,  o  90 
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tlous.     {WeatminstM  Series.) 8to,  •»  00 
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Dadourian,  H.  H.    Analyticat  Uechanica lamo,  '3  00 
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-u                                                                                                       ifano,  *i  00 

Dawson,  P.    Electric  Traction  on  Railways Svo,  '9  00 

Day,  C.    The  Indicator  and  Its  Diagrams lamo,  *a  00 

Deerr,  N.    Sugar  and  the  Sugar  Cane Svo,  *8  oo 

Deite,  C.    Manual  of  Soapinaldng.    Trana.  by  S.  T.  Eing 4to,  *5  00 

DelaCoui,H.    The  Industrial  Uses  of  Water.    ^Kans.  by  A  Morris.  Svo,  *4  5o 

Del  Mar,  W.  A.    Electric  Power  Conductors Svo,  *a  00 

Denny,  G.  A.    Deep-level  Mines  of  the  Rand 4to,  *to  00 

Diamond  DrilUng  for  Gold *5  00 

De  Roos,  J.  D.  C.    Linkages.     (Science  Series  Ho.  47.) i6mo,  o  so 

Derr,  W.  L.    Block  Signal  Operation Obtcmg  lamo,  *i  50 

Malntenance-of-Way  Engineering {In  Prepanlum.) 

Desaint,  A.    Three  Hundred  Shades  and  How  to  Btiz  ThtKi Svo,  *to  00 

De  Vaiona,  A.    Sewer  Gases.     (Science  Series  Ho.  55.) *. .  i6mo,  o  50 

Devey,  R.  G.    Mill  and  Factory  Wiring.     (Installation  Manuals  Series.) 

TWno,  *i  00 

Dlhdin,  W.  J.    PubUc  Lighting  by  Gss  and  Electricity Svo,  *8  00 

Purification  of  Sewage  and  Water Svo,  6  50 

Dichmann,  Cari.    Basic  Open-Heaitfa  Steel  Process lamo,  *3  50 

Dieterich,  K.    Analysis  of  ResinB,  Balsams,  and  Gum  Resins Svo,  *3  00 

Dinger,  Ltent.  H.  C.    Care  and  Operation  of  Naval  Machinery. .  .iimo,  *i  00 
Dixon,  D.  B.    Machinist's  snd  Steam  Engineer's  Practical  Calculator. 
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Doble,  W.  A.    Power  Plant  Construction  on  the  Pacific  Coast  (/n  Prtai.) 
Dorr,  B.  F.    The  Surveyor's  Guide  and  Pocket  Table-book. 
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Down,  P.  B.    Handy  Copper  Wire  Table i6mo,  *t  oo 

Draper,  C.  H.    Elementary  Text-book  of  Ll^t,  Heat  and  Sound . .  lamo,  i  00 
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Dumesny,  P.,  and  Noyer,  J.    Wood  Products,  Distillates,  and  Extracts. 
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Dtmstui,  A.  B.,  and  Tbole,  F.  B.  T.    TextbmA  of  Practical  ChemisUr- 
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I^son,  S.  S.,  and  ClaAaon,  S.  S.    Chemical  Works 8to,  *7  sa 

Ecdea,  K.  O.,  and  Duckwall,  B.  W.    Food  PreaerTatiTeB 8to,  paper,  o  50 

Eddy,  H.  T.    ResearchM  In  Graphical  Statica 8vo,  j  50 

Maximum  Stresses  onder  Concentrated  Loads    8to,  i  50 

Edgcmnbe,  K,    Industrial  Electrical  Heaaurlng  Inatruments 8ro,  *a  30 
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The  MetalhirKf  of  AiKentUerous  Lead 8vo,  5  00 
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Applied  Thermodynamics 8vo,  *4  So 
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Vapors  for  Heat  Engines timo,  'i  00 
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Ennen,  W.  F.  A.    Materials  Used  in  Sidng Svo,  '2  00 

Evans,  C.  A.    Macadamized  Roads (In  Ptm*.) 
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Fairie,  J.    Notes  on  Lead  Ores iimo,  *t  00 
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Fembach,  R.  L.    Glne  and  Gelatine 8to,  '3  00 

Chemical  Aspects  of  Silk  Manufacture iimo,  'i  00 

Fischer,  E.    The  Preparation  of  Organic  Compounds.    Trans,  by  R.  V. 

Stanford lamo,  "i  15 

nsh,  J.  C.  L.    Lettering  of  Working  Drawings Oblong  8to,  i  00 

Fisher,  H.  K.  C,  and  Darby,  W.  C.    Sabmarlne  Cable  Testing 8to,  *3  50 

Flske,  Lieut.  B.  A.    Electricity  in  Theory  and  Practice 8to,  a  50 

Pleischnuum,  W.    The  Book  of  die  Dairy.    Trans,  by  C.  M.  Aikman. 

8to,  4  00 
Fleming,  J.  A.    The  Alternate-current  Tranaformer.    Two  Volumes.  8vo. 

VoL  L    The  Induction  of  Electric  Currents *S  00 

Vd.  n.    The  Utilization  of  Induced  Currents *5  00 
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Fleming,  J.  A.    Propagatioa  of  Electric  Cunenta 8vo,  *3  oo 

CentensiT  of  file  Blectrical  Cuirent 8to,  *o  50 

Electric  Lamps  and  Electric  LighliiiK 8to,  *3  00 

Electrical  Labormtory  Notes  and  Fonns 4I0,  *S  ** 

A  Handbook  for  the  Electrical  Laboratoiy  and  Testing  Room.    Two 

Volumes 8to,  each,  '5  oo 

FleniT,  P.    Preparation  and  Uses  of  White  Zinc  Paints Sro,  *3  50 

EteiuT,  H.    Tb«  Calculus  Wtbont  Limits  tv  Infinitesim^s.    Trans,  by 

C.  O.  Uailloax (In  Prtu.) 

Flynn,  P.  J.    Flow  of  Water.     (Science  Series  No.  84.) lamo,  a  50 

— —  HjdrauUc  Tables.     (Science  Series  No.  66.) i6mo,  o  so 

FoIe7,N.    Britiaband American CuBtomarrandMetricHoasures.  .folio,  '3  00 
Foster,  H.  A.    Electrical  Engineers'  Pocket-book.     (SeveiUk  Edition.) 

laico,  leather,  s  00 

Engineering  Valuation  of  Public  Utilities  and  Factories Sro,  *3  00 

Handbook  of  Electrical  Cost  Data .Sm  (In  Proa.) 

Foster,  Oen.  J.  G.    Submarine  Blasting  in  Boston  (Hass.)  Harbor    ^to,  3  50 

Fofrle,  F.  F.     Overhead  Transmission  Line  Crossings lamo,  *i  50 

/The  Solution  of  Alternating  Current  Problems 8ro  [In  Prut.) 

Fox,  W.  G.    Transition  Curres.     (Science  Series  No.  no.) ifimo,  o  50 

Fox,  W.,  and  Thomas,  C.  W.    PractJcal  Course  in  Mechanical  Draw- 
ing   lamo,  I  35 

Foje,  J.  C.    Chemlcel  Problems.     (Science  Series  Ho.  6g.) i6mo,  o  50 

Handbook  of  Mineralogy.     (Sdence  Series  No.  86.) ifma,  e  50 

Prands,  J.  B.    Lowell  Hydraulic  Experiments 4to,  15  00 

Freademacher,  P.   W.    Electrical  Hlaing  lostallatioos.     (lostaUatim 

Manuals  Series.) iimo,  *i  00 

Frith,  J.    Alternating  Current  Design 8to,  *3  oo 

Fritacb,  J.    Manufacture  of  Chemical  Manures.    Tnuu.  by  D.  Grant. 

8*0,  '400 

Frye,  A.  L    Civil  Engineers'  Pocket-book iimo,  leafiier,  '5  o« 

Fuller,  O.  W.    Investigations  into  the  Purification  of  the  Ohio  Kiver. 

4to,  'lo  00 

Fumell,  J.    Paints,  Colors,  Oils,  aad  Varnishes 8n>.  *i  00 

Gairdner,  J.  W,  I.    Earthwork 8vo  (/«  Prew.) 

Gant,  L,  W.    Elements  of  Electric  Traction Svo,  'a  50 

Garcia,  A.  J.  R.  V.    Spanish-English  Railway  Terms Svo,  '4  50 

Garforth,  W.  E.    Rules  for  Recovering  Coal  Mines  after  Explosions  and 

Fires lamo,  leaflier,  t  50 

Gaudord,  J.    Foundations.     (Sdence  Series  Ho.  34.) i6ma,  o  50 

Gear,  H.  B.,  and  Williams,  P.  F.    Electric  Central  Station  Distribution 

Systems 8*0,  *3  M> 

GeeriigB,  H.  C.  P.    Cone  Siigsr  and  Its  Manofactare Svo,  *5  00 

World's  Cane  Sugar  Industry Svo,  '5  00 

Geikie,  J.    Structural  and  Field  Geology Svo,  '4  00 

G«rber,N.   Analysisof IIilk,CondBnaedHilk,andI[ifiiatfi'Milk-Pood.    Svo,  1  15 
Gerhard,  W.  P.    Sanitation,  Walernipply  and  Sewaga  Dliposal  of  Country 

Houses ismo,  *2  00 

GasUghting,     (Science  Series  Fo.  in.) i6mo,  o  50 

Household  Wastes.     (Science  Series  Ho.  97.) t6ma,  o  $0 

House  Drainage.     (Science  Series  No.  63.) i6mo,  o  Jo 
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Oeduid,  W'  P-    Suiituy  Drainaga  of  Bnlldinga.    (Sctance  Serin  Ho.  93.) 

i6mo,  o  50 

Gerhardl,  C.  W.  H.    Bledricitr  Heten 8to,  ♦<  00 

Geacbwlad,   L.    Hurafactar*   of  Alum  and  Sulphatu.    Tnuis.   bj  C. 

Salter 8to,  *s  00 

Gtbbs,  W.  E.    Lighting  bj  Acvtjrleiw iimo,  *i  50 

PhjalcB  of  Solid!  and  Fluids.    (Carnegie  TeduUcal  Scbool't  Text- 
books.)   *i  50 

Gibion,  A.  H.    Hydraulics  and  Its  Applicalion 8vo,  *5  00 

Water  Ebmmer  in  Hfdrattlic  Pipe  Linea. lamo,  "a  00 

Cnbreth,  F.  B,    Motion  Study. iimo,  'a  00 

Primer  of  SeientiBc  Hanagement iimo,  *i  00 

Gillinon,  Gen.  Q.  A.    Limes,  Hydranlic  Cements  axdHortan 8to,  4  eo 

RoadH,  Streets,  and  Pavements ramo,  a  00 

Golding,  H.  A.    The  Tl^eta-Pbl  Diagram. lamo,  "i  as 

Goldschmidt,  R.     AlternatiDg  Cuirent  Commutxtof  Motor 8vo,  *}  00 

Goodchlld,  W      Preclooi  Stones.     (Westminster  Series.) 8to,  *i  00 

Goodeve,  T,  H.    Textbook  on  the  Steam-engine lamo,  a  00 

Gore,  G.    Electrolytic  Seperatioa  of  Hetala 8vo,  *3  50 

Goold,  E.  S.    Aritluuetic  of  the  Steam-eogine lamo,  i  00 

Calculus.     (Science  Series  Ho.  iia.) ifimo,  o  50 

High  Masonry  Dams.     (Science  Series  ffo.  aa.) i6mo,  o  50 

Practical  Hydrostatics  and  Hydrostatic  Fonnnlaa.    (Scienc«  Series 

Ho.  117.) i6mo,  o  so 

Grant,  J.    BreWbig  and  Distilling.    (Westminster  Series.)  8to  (M  Prsu.) 

Gratacap,  L.  P.    A  Popular  Guide  to  Hiuerals 8to,  '3  00 

Gray,  J-    Electrical  Influence  Kacbines  iimo,  3  00 

Marine  Boiler  Design lamo,  *i  15 

Gfeenhill,  G.    Dynantica  of  Hecbanical  Flight Svo,  *a  so 

Oteenerood,  B.    ClasstSed  Guide  to  Technical  and  CommBrcial  Books.  Svo,  *$  00 

Gregorius,R.    KlneralWaxei.    Trans,  by  C  Salter lamo,  '300 

GrlfBths,  A.  B.    A  TieatiM  on  Hannres. lamo,  3  00 

Dental  Hetallorgy. 8»o,  •s  50 

Grocs,  B.    Hops Svo,  *4  50 

Groitman,  J.    Ammonia  and  Its  Compounds lamo,  *i  35 

Groth,  L.  A.    Welding  and  Cntting  Hetals  by  Oases  or  Electricity Svo,  *3  00 

Grovet,  F.    Modem  Oai  and  Oil  Engines 8to,  *a  00 

Gnincr,  A.    Power-loom  Wearing Svo,  '3  00 

Gflldner,  Hugo.    Internal  Combustion  Engines.    Trans,  by  H.  Dledericha. 

4t«,  *ro  00 

Onnther,  CO.    lat^r^tion lamo,  *i  35 

Owden,  R.  L.     Traverse  Tables folio,  half  morocco,  *y  50 

Gny,A.S.    Experiments  on  the  Flexure  of  Beams. Svo,  *i  a) 

Haeder,   H.     Handbook  on   the   Steam-engine.     Trans,  by  H.  H.  P. 

Powlee lamo,  3  00 

Hainbach,  R.    Pottery  Decoration.    Trans,  by  C.  Slater i  amo,  *3  00 

Haenig,  A.    Emery  and  Emery  Industry . .' 8to,  *a  50 

Hale,  W.  J.    Calculations  of  General  ChemistTy lamo,  'i  00 

Kdl,  C,  H.    Chemistry  of  Palnta  and  Paint  Vehicles lamo,  *a  00 

HaIl,S.  H,    Governors  and  Govetoiog  Mechanlsn lamo,  'a  00 
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Hall,  W.  S.    Blamcnti  of  the  Differential  and  Integral  Cakolna 8to,  *a  as 

Deictiptlm  Geometry 8to  volnme  and  a  4to  attaa,  *3  so 

Haller,  6.  F.,  and  Cunningham,  E.  T.    The  Teala  Coil lamo,  *i  15 

EalBey,  F.  A    Slide  Valve  Geare. iimo,  I  so 

The  Oh  of  the  Slide  Rule.    (Science  Series  Ho.  114O i6mo,  o  so 

Worm  and  Spiral  Gearing.     (Science  Series  no.  116,) i6mo,  o  50 

Hamilton,  W.  G.    Uwful  Information  for  Railway  Hen i6mo,  i  00 

Hammer,  W.  J.    Radium  and  Other  Radio-active  Substances Svo,  *i  00 

Hancock,  H.    Textbook  of  Mechanics  and  Hydroetatlcs ,  .8vo,  i  s*> 

Hardy,  E.    Elementary  Principles  of  Graphic  Statics lamo,  *i  so 

Harrison,  W.  B.    The  Mechanics'  Tool-book lamo,  t  50 

Hart,  J.  W.    Eitemal  Plumbing  Work 8to,  *3  oo 

Hints  to  Plumber*  on  Joint  Wiping Svo,  *3  00 

Princi^es  of  Hot  Water  Supply Svo,  *3  00 

Sanitary  Plombing  and  Drainage 8to,  *3  00 

HasUns,  C.  H.    The  Galvanometer  and  Its  Uses itimo,  i  50 

Hatt,  J.  A.  H.    The  Colotist square  lamo,  *i  50 

Hausbrand,  E.    Drying  by  Means  of  Air  and  Steam.    Trans,  by  A.  C. 

Wright iimo,  *a  00 

Evaporating,  Condensing  and  Cooling  Apparatus.    Trans,  by  A  C. 

Wright Svo,  *s  00 

Hansner,  A.    Manufacture  of  Preserved  Foods  and  Sveetmeats.    Trans. 

by  A  Morris  and  H.  Robson 8*0,  *3  00 

Hawke,  W.  H.    Premier  Cipher  Telegraphic  Code 4to,  *5  00 

100,000  Words  Supplement  to  the  Premier  Code 4U,  *5  00 

Hawkesworth,  J.    Graphical  Handbook  for  Reinforced  Concrete  Design. 

4to,  "a  50 

Hay,  A.     Alternating  Currents Svo,  •a  50 

Electrical  Distributing  Retworlcs  and  Distributing  Lines Svo,  *3  5a 

Continuous  Current  Engineering Svo,  ♦»  ^ 

Hayes,  H.  V.    Public  Utilities,  Their  Cost  New  and  Depr«ciatioii.  .9n, 

Heap,  Major  D.  P.    Electrical  Appliances Svo,  s  00 

Heather,  H.  J.  S.    Electrical  Engineering 8to,  *3  50 

Heaviside,  O.    Electromagnetic  Theory.      Vols.  I  and  n, , ,  .Svo,  each,  *s  00 

Vol.  m Svo,  "7  50 

Heck,  R.  C.  H.    The  Steam  Engine  and  Turbine Svo,  *5  00 

Steam-Engiae  and  Other  Steam  Motors.    Two  Votaimea. 

Vol.   I.    Thermodynamics  and  the  Mschanica 8ve,  '3  50 

Vol.  n.    Form,  Construction,  and  Working .8vo,  *s  00 

• Rotes  on  Elementary  Kinematics Svo,  boards,  *i  00 

Graphics  of  Machine  Forces Svo,  boards,  *t  00 

Hedges,  K.    Modern  Lightning  Conductors Svo,  3  00 

Heermann,  P.     Dyers'  Materials.     Trans,  by  A.  C.  Wright lamo,  *2  50 

Hellot,  HacquerandD'Apligny.  Art  of  Dyeing  Wool,  Silk  and  Cotton.  Svo,  *3  00 

Heniici,  0.    Skeleton  Structures. Svo,  i  50 

Hering,  D.  W.    Essentials  of  Physics  for  College  Students Svo,  *i  75 

Hering-Shaw,  A.    Domestic  Sanitation  and  Plumbing.    Two  Vols..  .Svo,  *5  00 

Hering-Shaw,  A.    Elementary  Science Svo,  *a  00 

Herrmann,  G.    The  Graphical  Statics  of  Mechanism,    l^ans.  by  A.  P. 

Smith iimo,  i  00 

Heiifeld,  J.    Testing  of  Tarns  and  Textile  Fabrics Svo,  *3  50 


D,=;,lz...,'C00g[c 


D.  VAN  N08TRAND  COMPANY'S  SHORT  TITLE  CATALOQ     13 

HiUebnmdt,  A.     Ainhlpa,  Ptst  tai  Presntt gvo,  *3  50 

Hildanbmid,  B.  W.    Cable-M&kiiig.     (Scienc«  S«riM  Ko.  3a.) ifimo,  o  50 

Hilditcb,  T.  P.    A  Concige  Hiitory  of  Chamiatrj lamo,  *i  35 

Hill,  J.  W.    The  Puiificatioii  of  Public  Water  Sappliei.     Hew  Edltioa. 

{InPrta.) 

Interpretation  of  Water  Analysii (In  Press.) 

Hboi,  I.    Plate  Girder  Coiutructioii.     (Sdence  Seriea  Ho.  95.) i6mo,  o  so 

Statically-IndateiminAte  StreiM*. lamo,  *2  00 

Binhfeld,  C.  P.    Sngineering  Thermodjiuutiict.    (Scienctt  Seriei  Ho.  45.) 

t6mo,  o  50 

Hobart,  H.  H.    Heavy  Blectrical  Bngineerfaig 8ro,  %  50 

Doalgn  of  Static  Transformers i3mo,  *a  00 

Ekctticily 8to;  "a  o« 

Electric  Trains 8vo,  'a  so 

Hobart,  H.  M.    Kectric  Propuldon  of  Slips 8to,  *]  oo 

Hobart,  J.  F.    Hard  Soldering,  Soft  Soldering  and  Bradng lamo,  *i  00 

Hobbi,  W.  R.  P.     The  Arithmetic  of  Electrical  Hsasurements timo,  O  90 

Hof[,  J.  n.    Paint  and  VamlBh  Facts  and  Formulas lamo,  *i  50 

Hole,  W.    The  Distribution  of  Gas Sto,  *7  so 

Hotley,  A.  t.    Railway  Practice folio,  la  00 

Holmes,  A  B.     The  Electric  Light  Popularly  Explained lamo,  paper,  o  50 

Hopkins,  U.K.     Experimental  Electrochemistry . .  .8vo,  *3  00 

Hodel  Engines  and  Small  Boats Iimo,  i  as 

Hopkinson,  J.    Shoolbred,  J.  S.,  and  Day,  R.  B.    Dynamic  Blectricity. 

(Science  Series  No.  7t.) i6mo,  o  50 

Homer,  J.    Bn^eers'  Turning Sto,  *3  50 

Metal  Turning iimo,  i  50 

Toothed  Gearing lamo,  a  as 

Houghton,  C.  B,    The  Elements  of  Hachanics  of  Materials lamo,  *3  00 

Houllovigue,  L,    The  Evolution  of  the  Sciences Sto,  *i  00 

Boustoun,  R.  A.    Studies  in  Light  Production lamo,  *a  00 

Howe,  G.    Mathematics  for  the  Practical  Man lamo,  *i  as 

Howorth,  J.    Repairing  and  Riveting  Glass,  China  and  Earthenware. 

Sto,  paper,  *o  so 

Hubbard,  B.    The  Utilization  of  Wood-waste 8vo,  *2  so 

Hflbner,  J.    Bleaching  and  Dyeing  of  Vegetable  and  Fibrous  Materials 

(Outlines  of  Industrial  Chemistry) Sto,  *s  00 

Hudson,  O.F.    Iron  and  SteeL     (Outlines  oflndnstrial  Chemistry.)  .Sto,  *a  oo 

Humper,  V.    Calculation  of  Strains  in  Girders ramo,  a  so 

Bumpbreys,  A.  C.    The  Business  Features  of  Engiaeaiing  Practice. 8to,  *i  35 

Hunter,  A.    Bridge  Work. Sto,  (In  Prtaa.) 

Hurst,  G.  H.    Handbook  of  the  Theory  of  Color 8to,  'a  go 

Dictionary  of  Chemicals  and  Raw  Products 8to,  "3  00 

Lnbricating  Oils,  Fata  and  Greases 8to,  '4  00 

Soaps 8to,  "s  00 

Hurat,  G.  H.    Textile  Soaps  and  Oils 8to,  *a  jo 

Hurst,  H.  E.,  and  Lattey,  R.  T.    Text-book  of  Physics 8to,  *3  00 

Also  published  in  three  parts. 

Part    I.    Dynamics  and  Heat *i  3$ 

Part  H.    Sound  and  Light *i  35 

Part  m.    Magnetism  and  Electricity *i  50 
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Hutchinson,  R.  W.,  Jr.    Long  Distance  Electric  Power  IVuismiMion. 

Iimo,  *3  00 

Hutchinson,  R.  W.,  Jr.,  and  Ihlseng,  H.  C.    Electricity  in  Hining . .  lamo, 

(In  Frets.) 
HutclUoson,  W.  B.    Patents  and  How  to  Hake  Honey  Out  of  niem. 

lamo,  I  as 

Hutton,  W.  S.    Steam-boiler  Construction 8to,  6  oo 

Practical  Engineer's  Handbook Sto,  7  00 

The  Works'  Manager's  Handbook 8to,  6  00 

Hyde,  E.  W.    Skew  Arches.     (Science  Series  No.  15.) i6mo,  o  50 

Hyde,  F.  S.    Solvents,  Oils,  Gums,  Waxes lamo,  (/n  Ptsm.) 

Induction  Coils.     (Science  Series  No.  S3>) i6nio,  o  50 

Ingle,  H.     Manual  of  Agricultural  Chemistry Bvo,  '3  00 

Inness,  C.  H.    Problems  in  Machine  Design lamo,  *3  00 

Air  Compressors  and  Blowing  Eogines lamo,  *3  00 

Centrifugal  Pumps iimo,  *a  00 

The  Fan iimo,  "a  00 

Isherwood,  B.  F.    Engineering  Precedents  for  Steam  Machlnei; , . .  8vo,  a  50 

Ivatts,  E.  B.    Railway  Management  at  Stations Sra,  *a  50 

Jacob,  A.,  and  Gould,  E.  S.    On  the  Designing  and  Construction  of 

Storage  Reservoirs.     (Science  Series  No.  6) lOmo,  a  50 

Jamleson,  A.    Text  Book  on  Steam  and  Steam  Engines 8to,  3  oo 

Elementary  Manual  on  Steam  and  the  Steam  Engine lamo,  i  50 

Jannettaz,  E.    Guide  to  the  Determination  of  Rocks.    Trans,  by  G.  W. 

Plympton lamo,  t  50 

Jehl,  F.    Manufacture  of  Carbons 8to,  '4  00 

Jennings,  A.  S.    Commercial  Paints  and  Painting.   (Westminster  Series.) 
8to  (7n  Prtw.) 

Jennlson,  F.  H.    The  Manufacture  of  Lake  Pigments. Svo,  *3  00 

Jepson,  G.    Cams  and  the  Prindples  of  their  Constivction 8to,  *i  50 

Mechanical  Drawing 8n  (.In  Prepanlum.) 

Jockin,  W.    Arithmetic  of  the  Gold  and  Silversmitt iimo,  *i  00 

Johnson,  G.  L.    Photographic  Optics  and  Color  I^otogr^y Bn,  '3  00 

Johnson,  J.  H.    Arc  Lamps  and  Accessory  Apparatus.     (Installation 

Manuals  Series.) lamo,  'o  75 

Johnson,  T.  M.    Ship  Wiring  and  Fitting.     (Installation  Manuals  Series.) 

Iimo,  "o  JS 

Johnson,  W.  H.   Tbe  Cultivation  and  Preparation  of  Para  Rubber.  .8to,  '300 
Johnson,  W,  McA.     The  Metallu^y  of  Nickel .....    (/n  Preparation.) 
Jtdmston,  J.  F.  W.,  and  Cameron,  C.    Elements  of  Agricultural  Chemistiy 

and  Geology timo,  3  60 

Joly,  J.    Radioactivity  and  Geology lamo,  '3  00 

Jones,  H.  C.    Electrical  Nature  of  Matter  and  Radioactivity lamo,  *a  00 

New  Era  in  Chemistry lamo.  (/«  PreM.) 

Jones,  M.  W.    Testing  Raw  Materials  TTsed  In  Paint lamo,  *3  00 

Jones,  L.,  and  Scard,  F.  I.    Manufacture  of  Cane  Sugar Svo,  *s  00 

Jordan,  L.  C.    Practical  Railway  Spiral lamo,  leaAer,  'i  50 

Joynson,  F.  H.    Designing  and  Construction  of  Machine  Gearing  .  .Svo,  a  00 

Jllptner,  H.  F.  V.    Siderology:  The  Science  of  Iron 8«o,  *s  00 
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K«iiBU  City  Bridge 4I0,  6  00 

KApp,0.    Altenwte Cturent HuhineiT.    (ScieiiceS«riasNo.960<i6mi>,  o  50 

- — -  Elecblc  Tmumiiaion  of  Energr nam,  3  50 

Keim,  A.  W.    Preventioii  of  Dampness  in  BuildingB 8to,  *2  00 

Xelter,S.S.    Hathematica for Encineenng Students.     mWfluUleattief. 

Algebra  and  Tiigonometry,  witb  a  Chapter  m  Vectors *i  75 

Special  Algebra  Edition *t.oo 

Plane  and  Solid  QMmetry *'-3S 

Analytical  Geometty  and  Calculus *3  00 

Kelsey,  W.  R.    Continuous-cniTent  Dynamos  and  Ifotofs Sro,  *i  50 

KemUe,  W.  T.,  and  Undntill,  C.  R.    The  Periodic  Law  and  the  Hydrogen 

Spectnun 870,  paper,  *o  50 

Kenqt,  J.  F.    Handbook  of  Rocka 8ta,  'i  50 

Kendall,  E.    Twelve  Figure  Cipher  Code 4to,  *i2  50 

Kennedy,  A.  B.  W.,  and  Thurston,  R.  H.    Klneoutics  of  Uachlmery. 

(Science  Series  Ho.  54.) i6a>o,  o  50 

Kennetly,  A.  B.  W.,  Unwin,  W.  C,  aitd  Idell,  F.  E.    Convressed  Air.  '  ~ 

(Science  Series  No.  106.) i6mo,  0  50 

Kennedy,R.    Hodem  Engines  and  Power  Ouieratora.  SixVohiiaes.4to,  13  00 

Single  Volumes each,  3  00 

Electrical  Installations.    Five  Volumes 4to,  15  00 

Single  Volmaes euh,  3  50 

Flying  Machines;  Practice  and  Design tamo,  *3  00 

— —  Principles  of  Aeroplane  Construction 8to,  *i  50 

Eennelly,  A.  E.    Electro-dynamic  Hachineiy 8to,  i  50 

Kent,  W.    Strengdi  of  Materials.     (Science  Series  No.  41.) i6ma,  o  50 

Kershaw,  J.  B.  C.    Fuel,  Water  and  Gas  Analysis 8vo,  *a  50 

Electrometallurgy.    (Westminster  Series.) Sto,  *3  00 

The  Electric  Furnace  in  Iron  and  Steel  Producti(m iimo,  *i  50 

Kinibrunner,  C.    Alternate  Current  Windings 8to,  *r  50 

Continuous  Current  ArmAtnres 8to,  "i  50 

Testing  of  Alternating  Current  Machines Sto,  'a  00 

KiAaldy,  W.  G.    David  Eirkaldy's  System  of  Mcehaoical  Testing.  .4to,  10  00 

Kiikbride,  J.    Engrsving  f or  Blnstration 8to,  *i  50 

Kirkwood,  J.  P.    Filtration  of  River  Waters 4to,  7  50 

Kirschke,  A.    Gas  and  Oil  Engines iimo,  *r  35 

Sein,  J.  F.    Design  of  a  High-speed  Stesm-engine Sto,  '5  00 

'  Physical  Significance  of  Entropy Sto,  *i  50 

Kleinhans,  F.  B.    Boilsr  Construction Svo,  3  00 

Knight,  R.-Adm.  A.  M.    Modem  Seamanship Sto,  *j  50 

Half  morocco *9  00 

Knox,  J.    Physico-Chemlcsl  Calculations t3mo,  *i  00 

Knoz,  W.  F.    Logarithm  Tables (.In  PTeparatimi.) 

Knott,  C.  O.,  and  Mackay,  J.  S.    Prsctica]  Mathematics 8to,  a'oo 

Koester,  F.    Stesm-Electric  Power  IHants 4to,  *5  00 

Hydroelectric  Developments  and  Engineering 4to,  *5  00 

KoUer,  T.    The  UtiliuLtion  ot  Waste  Products .8vo,*3  50 

Cosmetics Svo,  *2  50 

Kremann,R.    Technical  Processes  and  Manufacturing  Mediods.    Trans. 

by  H.E.  Potts Svo, 

Kretchmar,  K.    Yam  and  Warp  Siziiig. Svo,  *4  00 


ly  Google 


16     D.  VAN  NOSTRAND  COMPANY'S  SHORT  TITLE  CATALOG 

L«lUer,E.  V.    Blementar;  Manual  of  the  Steam 'Bnsine lamo, 

I-ambert,  T.    Lead  and  Its  Compounda Sro,    *3  50 

Bone  Products  and  Hanurea 8n^     *3  oo 

Lamborn,  L.  L.    Cottonseed  Products Svo,     *j  co 

Modern  Soaps,  Candles,  and  Glrcerin 8»o,     •?  SO 

Lamprecht,  R.    Recoveir  Work  After  Pit Pirea.  Traiu.bTC.Sallsr.8*»,     *4  oe 
Lanchester,  P.  W.    Aerial  Pli^t.    Two  Volmnes.    Sn>. 

Vol.  I.    Aerodrnaniica *6  00 

Aerial  Flight.    Vol,  II.    Aerodonetics •6.0Q 

Lanier,  B.  T.    Principles  of  Alternating  Currents lamo.     *i  35 

Larrabee,  C.  S.    Cipher  and  Secret  Letter  and  Telegra^ilc  Code.  i6nio,      o  60 

La  Rue,  B.  P.     Swing  Bridgea.     (Science  Series  No.  107.) 1611W,      o  5« 

LasBOT-Cohn.  Dr.    Modem  Scientiflc  Chemistrr.    Trans.  b7  M.  H. 

PattiBon  Muii lamo,     *a  ot 

Latimer,  L.  H.,  Pield,  C.  J.,  and  Howell,  J.  V.    locaodeacenl  Electric 

Lightbf .     (Science  Series  No.  97.}     i&no,      o  5* 

Latta,  U.  N.    Handbook  of  American  Oas-Bnglneering  Practice  . .  .Sro,    '4  50 

American  Producer  Gas  Practice 4to,     ^6  00 

Leask,  A.  R.    Breakdowns  at  Sea lame,      2  oo 

Refrigeratiiig  Hacbinery lamo,      3  00 

Leckf,  S.  T.  S.    "  Wrinkles  "  in  Practical  Navicatloa 8w>,    *8  00 

Le  Douz,  H.    Ic«-Maldng  Machines.     (Science  Series  No.  46.) . .  ifimo,      9  50 

Leeds,  C.  C.    Mechsnical  Drawing  for  Trade  Schools oMoog  4to, 

High  School  EdttlM "i  as 

Machinery  Trades  Edition 'a. 00 

Lef^TTe,  L.    Architectural  Pottery.    Trans,  by  H.  K.  Bird  and  W.  Jl. 

Binns 4|iO(    *7  50 

Lehner,  S.    Ink  Msnufacture.    Trans,  by  A.  Morris  and  H.Rottaon.Sro,     *a  go 

Lemstrom,  S.    Electricity  in  Agniicltnre  and  Horticulture I8n>,     *i  50 

LeVan,  W.  B.    Steam-Engine  Indicator.    (Science  Series  No.  7&)itaio,      0.50 
Lewes,  V.  B.    Liquid  and  Gaseous  Puels.     (Westminster  Series.) .  .Sro,     *a  00 

Carbonization  of  Coal 8to,     '3  00 

Lewis,  L.  P.    Railway  Signal  Engineering 8*0,     *5  50 

Lieber,  B.  F.    Lieber's  Standard  Teleiraphic  Code 8*0,  *io  00 

Code.    German  Edition 8vo,  *io  00 

Spanish  Edition 8to,  'io  oo 

French  Edition 8vo,  'lo  .00 

■ ^Terminsl  Index 8»o,     'a  50 

Lieber's  Appendix folio,  '15  00 

Bandy  Tables 4»,     'a  50 

Bankers  and  Stockbrokers'  Code  and  Merchants  and  Shippers' 

Blank  Tables 8to,  '15  00 

— -  100,000,000  Combination  Code ...8vo,  'lo  00 

— —  Engineering  Code 8to,  'la  50 

Livennore,  V.  P.,  and  Williams,  J.    How  to  Become  a  Competent  Motor- 

Liveisedge,  A.  J.    Commercial  Engineering Sro,  '3  00 

Livingstone,  R.    Design  and  Construction  of  Commutators 8to,  *a  15 

Lobben,  P.    Machinists'  and  Draftsmen's  Handbook S*o,  a  50 

Locke,  A.  G.  and  C.  G.    Manufacture  of  Sulphuric  Acid 8vo,  10  00 

Lockwood,  T.  D.    Electricity,  Magnetism,  and  Electro-telcffaph 8vo,  a  50 


ly  Google 


D.  VAN  NOSTRAND  COMPANY'S  SHORT  TITLE  CATALOG      17 

LoAwood,  T.  D.    Electrical  Humiremmit  and  Uie  GalTanometw. 

lamo,      o  75 

Lodge,  O.  J.  ElementaiT  MecbanlCB lamo,      i  5» 

SigmUinK  Across  Space  wiQiont  Wires 8tO)     *i  oo 

Loewensteln,  L.  C,  and  Criasey,  C.  P.    Centiifi^Bl  Pumps *4  S" 

Lord,  R.  T.    Decoratire  and  Fancy  Fabrics 8to,     *3  50 

Lorlng,  A.  B.    A  Handbook  of  the  Electronugnelic  Telegraph ittno,      o  50 

Handbook,     (Science  Series  No.  35.) i6mo,      o  50 

Low,  D.  A.    Applied  Hechanics  (Elementarr) t6mo,      o  80 

Lubschez,  B.  J.    PerspectiTe lamo,     'i  50 

Lucke,  C,  E.    Gas  Engine  Design 8to,     "3  00 

Power  Plants:   Design,  Efficiency,  and  Power  Costs.    2  toIs. 

(/n  PreparoHon.) 

Lunge,  O.    Coal-tar  and  Ammonia.    Two  Volumes '.8vo,  *I5  00 

Manufacture  of  Snlphnric  Add  and  Alkali.    Four  Volumes 8to, 

Vol.     t.    Sulphuric  Add.    In  Oiree  ports *t8  00 

Vol.  IL    San  Cake,  Hydrochloric  Acid  and  L«Uanc  Soda.    In  two 

P«rt8 'is. 00 

Vol.  in.    Ammonia  Soda 'lo  00 

Vol.  IV.    Electrolytic  Methoda (In  Prmt.) 

Tedmical  Chemists'  Handbook i3mo,leather,    'j  50 

Tedmical  Methods  of  Chemical  Anatysis.    Trans  by  C.  A.  Eeane. 

in  collaboration  with  the  corps  of  spedalists. 

Vol.     1.    In  two  parts 8»o,  'rs  00 

VoL   IL    In  two  ports 8»o,  "rS  00 

Vol.  in (In  Preparation.) 

LnpUm,  A.,  Parr,  O.  D.  A.,  and  PerUn,  H.    Eloctcici^  as  Applied  to 

Mining 8to,     '4  go 

Loquer,  L.  M.    Minerals  in  Rock  Sections Sro,     *i  so 

Macewen,  H.  A.    Food  Inspection :8to,  *a  50 

Mackenzie,  IT.  F.    Notes  on  Irrigation  Works Svo,  *i  50 

Moclde,  J.    How  to  Moke  a  Woolen  Hill  Pay 8to,  *i  00 

Mackrow,  C.    Naval  Architect's  and  Shipbuilder's  Pocket-book. 

i6mo,  leather,  s  00 

Haguire,  Wm.  R.  -  Domestic  Sanitary  Drainage  and  PlumUng Bro,  4  00 

Mallet,  A.    Compound  EnglBes.     Trans,  fay  R.  R.  Buel.     (Science  Series 

No.  ro.) itimo, 

Mansfield,  A.  N.    Electro-magnets.     (Science  Series  No.  64.)  . . .  i6mo,  o  50 

Harks,  E.  C.  R.    Construction  of  Cranes  and  Liftii^  Machinery  .  umo,  *i  50 

Construction  and  Working  of  Pumps i3mo,  "i  50 

Manufacture  of  Iron  and  Steel  Tubes iimo,  *3  00 

Hechanical  Engineering  Materials lamo,  *i  00 

Marks,  G.  C.    Hydraulic  Power  Engineering 8vo,  3  50 

Inventions,  Patents  and  Designs    lamo,  *!  00 

Hailow,  T.  G.     Drying  Machinery  and  Practice 8vo,  *s  00 

Marsh,  C.  F.     Concise  Treatise  on  Reinforced  Concrete 8vo,  '2  50 

Reinforced  Concrete  Compresuon  Member  Diagram.    Mounted  on 

Cloth  Boards 'i ,  So 

Morsh,  C.  F.,  and  Dunn,  W.     Honnol  of  Rdnforced  Concrete  and  Con- 
crete Block  Constructiim t6mo,  m 
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Harshall,  W.  J.,  utd  Sankey,  H.  R.     Gu  Engines.     (WMtminster  Series.) 

Sto,  *3  oo 

HBTtin,  G.    TriuinpIiB  and  Wonders  of  Modern  Ch«mistrj 8vo,  *a  oo 

Hartin,  H.    Properttea  and  Design  of  Reinforced  Concrete laxao,  *3  so 

Maasle,  W.  W.,  and  Underhill,  C.  R.    Wireless  Telegraptar  and  Telephony. 

rimo,  *i  oo 
MatheBon,D.   Australian  Saw-BCQler'B  L(«  nad  Timber  Ready  Redoner. 

lamo,  leather,  i  50 

Hathot,  R.  E.    Internal  Combuation  Bncines Sro,  *6  oo 

Maurice,  W.    Electric  Blasting  Apparsttis  and  EqtIosiTee .Sro,  *3  50 

Shot  Firet's  Guide 8to,  *!  50 

Maxwell,  J.  C.    Matter  and  Motion.     (Science  Series  Ho.  36.}. 

ifaao,  Q  SO 
Maxwell,  W.  H.,  and  Brown,  J.  T.    Encyclopedia  of  Moac^  and  Sani- 
tary EnjlueerinK 4tOi  *io  00 

Mayer,  A.  M.    Lecture  Notes  on  Physics 8vo,  s  00 

McCuUongh,  R.  S.    Mechanical  Theory  of  Heat 8«o,  3  50 

Uclntosh,  J.  G.    Technology  of  Sugar 8tro,  *4  50 

industrial  Alcohol Sto,  '3  00 

Manufacture  <rf  Varnishes  and  Kindred  Industrie*.    Three  Volnmes. 

8*0. 

VoL     I.    Oil  Crushing,  Reflnii^  and  Boiling. *3  S« 

VoL   n.    VamiEh  Materials  and  Oil  Varnish  Making '4  00 

VoL  m.    SiMrit  Varnishes  and  Materials *4  50 

McEnight,  J.  D.,  and  Brown,  A.  W.    Marine  Hultitubolar  Boilers. *i  50 

McMoster,  J.  B.    Bridge  and  Ttinnol  Centres.    (Science  Series  No.  ao.) 

i6nKS  o  50 

McHechen,  F.  L.    Tests  for  Ores,  Minerals  and  Metals lamo,  *i  oo 

HcNeiU,  B.    McNefll's  Code 8to,  "6  m 

McPhersoa,  J.  A.    Water-worlu  Distribntion 8«o,  a  50 

MeUck,  C.  W.    Dairy  Laboratory  Guide luno,  *i  35 

Merck,  E.    Chemical  Reagents;  Their  Purity  and  Testa 8*Oi  *i  50 

Herritt,  Wm.  H.    Field  Testing  for  G<dd  and  Silver i&no,  leather,  i  50 

Messer,  W.  A.    Railway  Permanent  Way 8to  (/n  Preu.) 

Meyer,  J.  G.  A.,  and  Pecker,  C.  G.    Mechanical  Drawing  and  Uachiae 

Design 4tQ,  5  00 

Mlcbell,  S.    Mine  Drainage 8to,  10  00 

Mierzinski,  S.    Waterproofing  of  Fabrics.    Trans,  by  A.  Horris  and  H. 

Robson 8»o,  '»  50 

MiUer,  G.  A.    Determinants.     (Science  Series  No  ros-) ifimo, 

Hilroy,  M.  E.  W.    Home  Lace-nuking laoto,  *1  00 

Hinifle,  W.    Mechanical  Drawing 8*0,  *4  00 

Mitchell,  C.  A.    Mineral  and  Aerated  Waters Sto,  *3  00 

MitcheU,  C.  A.,  and  Pridesux,  R.  M.    Fibres  Used  in  Textile  and  Allied 

Industries 8to,  "3  oo 

Mitchell,  C.  F.,  and  G.  A.    Boilding  Construction  and  Drawing.    lamo. 

Elementary  Course *i  50 

Advanced  Course *a  50 

Honckton,  C.  C.  F.    Radiotelegn^hy.     (Westminster  Series.) 8*0,  *a  00 

MonteTerde,  R.  D.    Vest  Pocket  Glossary  of  English- Spanish,  Spanish- 

^iglish  Technical  Terms 6400,  leader,  *i  00 
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Uoore,  G.  C.  S.    New  Tables  for  the  Con^leto  Solution  (A  OuiguUlet  and 

Kotter*!  Fonnnla Sro,  *s  "o 

Morecroft,  ].  H.,  and  KOut,  F,  W.    Short  Course  In  Electrkal  Testing. 

Swo,  *i  JO 
Uoreing,  C.  A.,  and  Neal,  T.     ITew  Ooneral  and  Mining  Telegiaph  Code. 

8to,  *5  00 

Morgan,  A.  P.    Wireless  Telegraph  Apparattu  for  Amateurs lamo,  *i  50 

Moses,  A.  J,    The  Characters  of  Crystals 870,  *3  oo 

Moses,  A.  J.,  and  Parsons,  C.  L.    Elements  of  Hineralogr    Sto,  *a  50 

Moss,S.A.  Elementsof  GaBEnguieDesign.(SclenGeSerieBNo.iai.)i6mo,    o  50 

The  Lay-out  of  Corliss  Valve  Gears.     (Science  Sories  No.  ii9.)i6nio,     o  50 

Molford,  A.  C.    Boundaries  and  Landmarks tamo,  *i  00 

Mullin,  J.  P.    Modem  Moulding  and  Pattern-making lamo,  a  50 

Munby,  A.  E.    Chemlstrr  and  Physica  of  Building  Materials.     (Vest- 
minster  Seriea.) 8to,  *a  00 

VLurpby,  J.  G.    Practical  Mining ifimo,  i  00 

Murphy.  W.  S.    Textile  Industries.    Eight  Volumes *ao  00 

Hurray,  J.  A.    Soils  and  Mannres.     (Westminster  Series.) 8ro,  *3  00 

Ifaquet,  A.    Legal  Chemistry iimo,  a  00 

Nasmidi,  J.    The  Student's  Cotton  Spinning 8to,  3  00 

Recotl  Cotton  Mill  Construction lamo,  a  00 

ITeave,  O.  B.,  and  Heilbron,  L  M.    Identiflcatlon  of  Organic  Compounda. 

lamo,  *i  35 

Neilson,  R.  H.    Aeroplane  Patents Bto,  *a  do 

Berz,  F.    Seaichlights.    Trans,  by  C.  Rodgers 8to,  *3  oo 

Heibit,  A.    F.     Electricity    and    Magnetism (/n  Preparation.) 

Nenberger,  H.,  and  Noalhat,  H.    Technology  of  Petroleum.    Trans,  by 

J.  O.  Hclntosh 8»o,  'lo  00 

Newall,  J.  W.    Drawing,  Sizing  and  Cutting  Berel-geara 8*0,  I  50 

Nicol,  G.    Ship  Construction  and  Calculations 8to,  '4  so 

Nlpher,  P.  E.    Theory  of  Magnetic  Measurements lamo,  i  00 

msbet,  H.    Grammar  of  Textile  Design 8to,  *3  00 

Nolan,  H.    The  Telescope.     (Science  Seriea  Ho.  51.) i6ma,  o  50 

HoU,  A.    How  to  Wire  Buildinga lamo,  i  30 

North,  H.  B.    Laboratory  Notea  of  Experiments  in  General  Chemistry. 

(/n  PrtM.) 

Nugent,  E.    Treatise  on  Optics lamo,  i  50 

O'Connor,  H.    The  Gas  Engineer's  Pocfcettook lamo,  leather,  3  50 

Petrol  Air  Gas lamo,  'o  75 

Ohm,  G,  S.,  and  Lockwood,  T.  D.    Galvanic  Circuit    Translated  by 

William  Francia.     (Science  Series  No.  loa.) i6mo,  o  50 

Olsen,  J.  C.    Text-book  of  QusntitatiTe  Chemical  Analysis 8to,  *4  00 

Olsson,  A.    Motor  Control,  in  Turret  Turning  and  Gun  Elevating.     [U.  S. 

Navy  Electrical  Series,  No.  i.) lamo,  paper,  *o  50 

Ondln,M.A.    Standard  Polyphase  Apparatus  and  Systems. 8to,  '3  00 

Pakes,  W.  C.  C,  and  HankiTell,  k.  T.    The  Science  of  Hygiene  .  .Sto,  *i  75 

Palai,  A.    Industrisl  Photometry.    Trans,  by  G.  W.  Patteraon,  Jr. .  S*o,  *4  00 

Ptm^,C.    Colliery  Manager's  Handbook 8vo,  *io  00 
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Ptiker,  P.  A.  H.    The  Control  of  Water SndnPreu.) 

Pan,  G.  D.  A.    Electrical  Eogineeriiig  Heoauriiig  InBtnunenta  .  . .  .Sto,  *  j  s® 

Pany,  E.  J.    Chemistry  ot  Essential  Oils  and  Artificial  Perhunes. .  .8ro,  *5  oo 

Foods  and  Drugs.    Two  Volamea Sro, 

VoL   I.    ChemicAl  and  Hicioscopical  Aaalysii  of  Foods  and  Drags.  *7  S** 

VoI-II.    Sale  of  Food  and  Drags  Act '3  oo  - 

Parrjr,  E.  J.,  and  Cost*.  J.  H.     Chemistry  of  Pigments Svo,  *4  50 

Parrj,  L.  A.    Risk  and  Dangers  of  Various  Occupations Svo,  *$  im 

Parthall,  H.  F.,  and  Hobort,  H.  H.     Armatnie  Windings 4to,  *7  50 

Electric  Railway  Engineering 4*0,  ♦lo  00 

Panboll,  H.  F.,  and  Parry,  E.    ElectrlcalEqaipment  of  Tramways.. .  .(/n  Press.) 

Parsons,  S.  J.    Malleable  Cast  Iron Svo,  *a  50 

Partington,  J.  R.    Higher  Hathematies  for  Chemical  Students.  .lamo,  *z  00 

■ Textbook  of  TlenDodynamica Svo  (.In  Pren.) 

Passmore,  A.  C.    Technical  Terms  Tlsed  in  Architecture Svo,  *j  50 

Patchell,  W.  H.    Electric  Power  is  Mines Svo,'  *4  00 

Paterson,  O.  W.  t.    Wiring  Calculatloiu ijmo,  *a  00 

Patterson,  D.    The  Color  Printtng  of  Carpet  Tarna Svo,  *3  50 

Color  Matching  on  Textiles Svo,  *3  00 

The  Sdence  of  Color  Mixing Svo,  *3  oa 

Paulding,  C.  P.    Condensation  of  Steam  in  Covered  and  Bare  Pipes.  Svo,  *3  00 

Transmission  of  Heat  through  Cold-storage  Insulation iimo,  *i  00 

Payne,  D.  W.    Iron  Founders'  HandboiA (/n  Prtn.) 

Peddle, R.A.    Engineering  end  HetallnrgiCBl  Books lamo,  *i  50 

Pebce,  B.    System  of  Analytic  Mechanics 4to,  id  00 

Pendied,  V.    The  Railway  Locomotive.     (Westminster  Series.) Svo,  *a  00 

PeiU''',  F.  H.    Practical  Methods  of  Inorganic  Chemistry umo,  *i  00 

Peirlgo,  0.  B.    Change  Gear  Devices Svo,  t  00  . 

Porrlne,  F.  A.  C.    Conductors  for  Electrical  Distribution Svo,  *3  50 

Peiry,  J.    Applied  Mechanics Svo,  *a  50 

Petit,  O.    White  Lead  and  Zinc  White  Faults Svo,  "i  50 

Petit,  R.    How  to  BuUd  an  AeropUne.    Trans,  by  T,  O'B.  Hubbard,  and 

J.  H.  Ledeboer Svo,  *t  50 

Pettit,  Lieut  J.  S.    Graphic  Processes.     (Science  Series  Ho.  76.) . . .  i6mo,  o  50 
Philbiiek,  P.  H.    Beams  and  Girders.     (Science  Secies  Ro.  88.). .  .i6mo, 

Phillips,  J.    Engineering  Chemistry Svo,  '4  50 

Gold  Assaying Svo,  *a  50 

Dangerous  Goods..... Svo,  $  50 

Phin,  J.    Seven  FolUes  of  Science ismo,  *i  25 

Pickworth,  C.  S.    The  Indicator  Handbook.    Two  Volumes. .  timo,  each,  i  50 

Logarithms  for  Beginners iimo.  boards,  o  ^ 

The  SUde  Rule iimo,  i  00 

nattner'sHanualof  Blow-pipe  Analysis.    Eighth  Edition,  revised.   Trans. 

by  H.  B.  Corawoll Svo,  *4  00 

Plympton,  G.  W.   The  Aneroid  Barometer.    (Science  Series  So.  35.)  lOmo,  050 

How  to  become  an  Engineer.     (Science  Series  Ho.  100.) i6mo,  o  SO 

Von  Hoitrand's  Table  Book.     (Science  Series  Ho.  104.) i6mo,  o  50 

Pochet,  M.  L.    Steam  Injectors.    Translated  from  the  French.     (Science 

Series  Ho.  ag.) i6mo,  o  50 

Pocket  Logarithms  to  Four  Places.     (Science  Series  Ho.  65.) i6mo,  o  s« 

leather,  i  00 
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PoDayniF-    Dnnliisi  and  PinUhinKi  for  Textib  Fabrics. 8to,  *3  oo 

Pope,  F.  O.    Oipmlc  Chemistiy i3mo,  *3  15 

Pope,  F.  L.    Modem  Practice  of  tlie  ELsctrie  Tclepapb 8vo,  i  50 

PoppleweUgW.C.ElemetitaiyTreatiie  onBeat  aiidHealBiiciaeB..iinio,  *3  00 

KvTentioii  of  Smoke 8yo,  *3  50 

Strength  of  HAteiials 8vo,  *i  75 

Porter,  J.  IL    Helicopter  Pljtaf  UacUiM lanio,  *i  35 

Potter,  T.    Concrete 8vo,  *3  00 

Potte,  H.  B.    Chemietrr  of  tbe  Rnbbw  ItMhutr;.    (OoUitiM  of  Indu- 

trial  Chemiatrr} 8vo,  *3  00 

Practlca]  Compoimdiiig  of  Oils,  Tallow  and  Greaee Svo,  *3  50 

Practical  lion  Fonndlng lamo,  i  50 

Pratt,  K.    Boiler  Draught laino,  *i  35 

Pr*Jt  T.,  Jr.    TwenQ'  Yean  with  the  Indicator Sto,  3  50 

Steam  Tables  and  Engine  Conattnt Svo,  3  00 

Calorimeter  Tables 8»o,  i  00 

Preece,  W.  H.    Electric  Lampa {In  Preu.) 

Pralini,  C.    Earth  and  Rock  Buaralion Sto,  '3  00 

Graphical  Determination  of  Earth  Slopes 8vo,  *3  00 

Tmmeling.    New  Edition 8to,  "3  00 

Dredging.    A  Practical  Treatis* 8to,  "3  00 

Prascott,  A.  B.    Organic  Analyaii Syo,  5  co 

Preacolt,  A.  B.,  and  Johnson,  0.  C.    QualltatiK  Chemical  Analfsis. .  .Sto,  *3  go 
Prescott,  A.  B.,  and  SnUiran,  E.  C.    First  Book  in  Qualitative  Cbemistrr. 

iimo,  *i  50 

Prideanx,  E.  B.  R.    Problema  in  Pbjrdcal  Cbemistiy 8to,  *i  00 

Pritchord,  0.  G.    The  Mannfactnre  of  Electric-light  Carbons.  .8*0,  paper,  *o  60 
Pollen,  W.  W.  F.    Application  of  Graphic  Methods  to  the  Design  of 

Stmctores lamo,  *3  50 

Injectors;  Tlieor;,  Construction  and  Working izmo,  *i  50 

Pnlsifer,  W.  H.    Holes  for  a  Historj  of  Lead 8vo,  4  00 

Porcliase,  W.  R.    Masonry ismo,  *3  00 

Putsch,  A.    Gas  and  Coal-dust  Firing Svo,  *3  00 

Pyochon,  T.  R.    Introduction  to  Chemical  Physics 8to,  3  00 

Rafter  G.  W.    Mechanics  of  Ventilation.     (Science  Series  No.  33.) .  r6mo,  o  50 

Potable  Water.     (Science  Series  Ho.  103.) i*mc  50 

Treatment  of  Septic  Sewage.    (Science  Series  Ho.  iig.). . .  .i6mo  50 

Rafter,  G.W.,  and  Baker,  M.N.    Sewage  Disposal  In  the  United  States. 

4to,  *6  00 

Raikes,  H.  P.    Sewage  Disposal  Works Sto,  '4  00 

Railway  Shop  Up-to-Date  4tt>,  3  00 

Ramp,  H.  M.     Foundry  Practice (/n  Press.) 

Randall,  P.  M.     Quartz  Operator's  Handbook. iimo,  2  00 

Randan,  P.    Enamels  and  Enamelling. Sto,  *4  00 

Rankine,  W.  J.  U.    Applied  Mechanics '. Sto,  5  00 

Civil  Engineering Sto,  *  50 

Hactilnery  and  Miilwork Svo,  S  oo 

Tba  Steam-engine  and  Other  Prime  Movers. Svo,  s  00 

Usefol  Rules  and  Tables Svo,  4  00 

Rankine,  W.  J.  H.,  and  Bamber,  E.  F.    A  Mechanical  Text-book.... Svo,  3  50 
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lUpliMl,  F.  C    Loctlizatioii  of  Faults  In  Electric  Light  uid  Power  Mains. 

8to,  »3  oo 
Xascb,  B.    Electric  Arc  FliMKnneiUL    Trans,  by  K.  Tomberg  .(fn  Prew.) 

Ratlib«ne,  R.  L.  B.    Simple  Jewellery Svo,  *3  90 

Rateao,  A.    Flow  of  Steam  through  Roizles  and  OrUcM.     Trans,  by  H. 

B.Br;don 8vo,  *x  50 

Raasenbeigef,  F.    The  Theory  o(  the  Rec^  o(  Ount 8to,  *4  go 

Rautenstraoch, W.    IloteaontheElenientsafMachineI>Mign.6Ta,tK>arda,  *i  50 
Rautenstrauch,  W.,  and  WHliama,  J.  T.    **..-ii<im  Drafting  and  Empirical 

Dftugn. 

Part  I.  Kachloe  Drafting Ski,  *t  as 

Part  n.  Empirical  Design {In  PrtparaUon.) 

Raymond,  E.  B.    Alternating  Current  Engineering lamo,  *3  50 

Rayner,  H.    Silk  Throwii^  and  Waste  Silk  Spinning Sto,  '3  50 

ReclpesfortheColoi,Paint,Varaish,Oil,SoapandDryBalterybade8.8TO,  *3  50 

Recipes  for  Flint  Glass  Making lamo,  *4  50 

Redfem,  J.  B.,  and  Savin,  J.    Bells,  Telephones  (InstaUatloii  Manuals 

Series.) ifeno,  *o  50 

Redwood,  B.    Petroleum.     (Science  Series  So.  93.) itaio,  o  50 

Reed,  S.    Turbines  Applied  to  Marine  Propulsion 

Reed's  Engineers'  Handbook 8vo,  *s  00 

Key  to  the  Rineteentfa  Edition  of  Reed's  EogineMs'  Handliook.  .8*0,  *3  <m 

Dseful  Hints  to  Sea-gtring  Engineers lama,  i  50 

Marine  Boilers  lamo,  a  00 

Guide  to  the  Use  of  the  Slide  Valve iimo,  *i  60 

Reinhardt,  C.  W.    Lettering  for  Draftsmen,  Engineers,  and  Students. 

obtong  4to,  boards,  i  oo 

The  Technic  of  Mechanical  Drafting oblong  4to,  boards,  *i  oo 

Reiser,  F.     Hardening  and  Tempering  of  Steet    Trans,  by  A.  Morris  and 

H.  Robson ismo,  *a  50 

Reiser,  n.    Faults  in  Qie  Manntacture  of  Woolen  Goods.    Tnun.  by  A. 

Morris  and  H.  Robaon 8to,  *a  So 

' Spinning  and  Weaving  Calculations Svo,  *s  oo 

Renwick,  W.  G.    Marble  and  Marble  Working Svo,  5  oo 

Reynolds,  0.,  and  Idell,  F.  E.    Triple  Expansion  Engines.     (Sdence 

Series  Ro.  99.) i6mo,  o  50 

Rhead,  G.  F.    Simple  Structural  Woodwork iimo,  *i  00 

Rice,  J.  M.,  and  Johnson,  W.  W.    A  Rew  Method  of  ObUinhig  the  Differ- 
ential of  Tunctions lamo,  o  50 

Richards,  W.  A.,  and  North,  H.  B.    Manual  of  Cement  Testing lamo,  *i  50 

Richardson,  J.    The  Modern  Steam  Engine 8vo,  *}  50 

Richardson,  S.  S.    Magnetism  and  Electricity iimo,  *i  00 

'  Rideal,  S.    Ghie  and  Glue  Testing Svo,  *4  00 

Rimmer,  E.  J.    Boiler  Explosions,  Collapses  and  Mldi^s Svo,  *i  75 

Rings,  F.    Concrete  In  Theory  and  Practice tamo,  *i  50 

Reinforced  Concrete  Bridges 4to>  *5  00 

Ripper,  W.    Cotine  of  Instruction  In  Machine  Drawing (<dlo,  *6  oo 

Roberts,  F.  C    Fignre  of  the  Earth.     (Science  Series  Ho.  79.) i6mo,  o  50 

Roberts,  J ,  Jr.    Laboratory  Work  in  Electrical  Engineering 8to,  *a  00 

Robertson,  L.  S.    Water-tnbe  Boilers Svo,  3  00 

I,  J.  B.    AreUtectvral  Composition Svo,  *a  50 
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Robinion,  S.  W.    Practical  TreatiM  on  the  TmUi  of  Wlimls.    (Sdeoce 

Serin  Ho.  34O i6mo,  o  50 

Sailroad  Bcoaomiu.     (Science  Seriei  Ho.  S90 i6mo,  0  50 

Vrought  Iron  Bridge  Members.     (Science  Seriu  Ko.  60.) i6mo,  o  So 

RabsomtJ.H.    Hadiiue  Drawing  and  Sketching 8vo,  *i  50 

Boebling,  J   A.     Long  and  Short  Span  Railwar  Bridges (olio,  3$  00 

Roger*,  A.     A  Laboratory  Guide  of  Industrial  Chemistiy lamo,  *i  50 

Rogers,  A,  and  Aubert,  A  B.    Industrial  Chemistry. 8to,  *5  00 

Rogers,  F.    Magnetism  of  Iron  Vessels.     (Science  Series  No.  30.) .  i6mo,  o  50 
Rohland,  P.    Colloidal  and  Crystalloidal  SUte  of  Matter.    Trans,  by 

W.  J.  BritUnd  and  H.  E.  Potts iimo,  *i  35 

Ronins,  V.    notes  on  X-Li^t 8to,  '5  00 

Rollinson,C.    Alibabets Oblong,  luno,  *i  00 

Rose,  J.    The  Pattern-makers'  Assistant Sto,  3  50 

Key  to  Engines  and  Engine-running laino,  2  50 

Rose,  T.  K.    The  Precions  Hetala.     (Westminster  Series.) 8to,  *3  00 

Rosenhain,  W.    Glass  Hanufactuie.     (Westminster  Series.) 8to,  *2  00 

Ross,  W.  A.    Blowpipe  in  Chemistiy  and  Metalluigy lamo,  *a  00 

Rossiter,  J.  T.    Steam  Engines.    (Westminster  Series.) .  .8to  (In  Prett.) 

Pumps  and  Pumping  Machinery.     (Westminster  Series.) 8to, 

(/n  Prew.) 

Roth.     Physical  Chemistry 8vo,  'a  00 

Rouillion,  L.    The  Economics  of  Manual  Training. Svo,  3  00 

Rowan,  F.  J.    Practical  Physics  of  the  Modem  Steam-boiler 8vo,  '3  00 

Rowan,  F.  J.,  and  Idell,  F.  E.    Boiler  Licmstation  and  Corrosion. 

(Sdence  Series  Ho.  37.) i6mo,  0  50 

Roxburgh,  W.    General  Foundry  Practice 8*0,  *3  50 

Ruhmer,  E.     Vnreless  Telephony.    Trans,  by  J.  Erskine-Huiray.  .870,  *3  50 

Russell,  A,    Theory  of  Electric  Cables  and  Networks 8vo,  '3  00 

Sfttnne.^R.    History  and  Progress  of  Hie  Electric  Telegr^ lamo,  t  35 

Saeltier,  A    Treatise  on  Acoustics lamo,  i  00 

Salomons,  D.    Electric  Light  Installations.    lamo. 

Vol.     L    The  Management  of  Accumulators 350 

Vol.   II.    Apparatus 3  35 

Vol.  in.    Applications i  50 

Sanford,  P.  O.    Nitro-explosiTes 8ro,  '4  00 

Saunders,  C.  H.     Handbook  of  Practical  Mechanics i6mo,  i  00, 

leather,  i  35 

Saunnier,   C.    Watchmaker's   Handbook i3mo,  300 

Sayers,  H.  M.    Brakes  for  Tram  Cars 8vo,  'i  35 

Scheele,  C.  W.     Chemical  Essays 8vo,  *3  00 

Scheitbauer,    W.    Shale    Oils    and    Tsrs Svo,  '350 

Schellen,  H.    Magneto-electric  and  Dynamo-electric  Machines 8vo,  5  00 

Scherer,  R.     Casein.    Trans,  by  C.  Saltn. 8vo,  *s  00 

Schidrowitz,  P.    Rubber,  Its  Production  and  Industrial  Uses Svo,  '5  00 

Schindler,  K.    Iron  and  Steel  Construction  Works iimo,  *i  35 

Schmall,  C.  N.    First  Course  in  Analytic  Geometry,  Plane  and  Solid. 

ismo,  half  leather,  *i   75 

Schmall,  C.  H.,  and  Shack,  S.  H.    Elements  of  Plane  Geometry. . .  ramo,  'r  as 

Schmeer,  L.    Flow  of  Water 8iro,  "3  00 
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Schumuui,  F.    A  Haniul  of  Heating  and  Ventilation ....  iimo,  leadier,       i 

Schwarz,  E.  H.  L.    Causal  Geologj Svo, 

Schweizer,  V.    Distillation  of  Resins 8to, 

Scott,  W.  W.    Qualitative  Analysis.    A  Laboratory  Manual. Sro, 

Scribner,  J.  M.     Engineers'  and  Mechanics'  Conqtanlon. . .  i6mo,  loadier, 

Searle,  A.  B.    Modem  Brickmaking Svo, 

Searie,   G.    H.    "  Sumnera'    Mediod."      Condensed   and   Improved. 

(Science  Sraies  Ho.  iifO i6mo, 

SeaUin,  A.  E.    Manual  of  Hailn«  Engineering Svo, 

SeatoD,  A.  E.,  and  Rounttiwaite,  H.  H.    Pocket-boA  of  Marine  Eagiaeer- 

ing ifimo,  lealliar, 

Seellgmann,  T.,  Torrilhon,  G.  L.,  and  Falconnet,  H.    bdia  Rubber  and 

Gutta  Percha.    Trans,  by  J.  G.  Mcintosh 8to, 

Seidell,  A.     Solubilities  of  Inorganic  and  Organic  Substances 8<ro, 

SeUew,  W.  H.    Steel  Rails 4to, 

Senter,  G.    Outlines  of  Physical  Chemiatry lamo, 

Text-book  of  Inorganic  Chemistry iimo, 

Sever,  O.F.    Electric  Egnineering  Experiments 8to,  boarda. 

Sever,  G.  F.,  and  Townsend,  F.    Laboratory  and  Factory  Tests  in  Elec- 
trical Bnghieering Svo, 

Sewall,  C.  H.    Wireless  Telegra|rtiy 8vd, 

Lessons  in  Telegraphy lamo, 

Sewell,  T.    Elements  of  Electrical  Engineering Svo, 

The  ConstructiDn  of  Dynamos    Svo, 

Sexton,  A.  H.    Fuel  and  Refractory  Materials lamo, 

Chemistry  of  the  Materials  o(  Bngjiiaaring lamo, 

Alloys  (Non-Ferrous) Svo, 

The  Metallurgy  of  Iron  and  Steel Svo, 

Seymour,  A.    Practical  LiBiography Svo, 

Modem  Printing  Inks 8»o, 

Shaw,  Henry  S.  H.    Mechanical  Inte^iratars.     (Science  Series  No.  83.) 

Shaw,  P.  B.    Course  of  Practical  Magnetism  and  Electricity Svo, 

Shiw,  S.    Hlstoiy  of  the  Stafiordshire  Potteries Svo, 

Chemistry  of  Compounds 'Dsed  in' Porcelain' Manufacture  .  . .  .Svo, 

Shaw,  W.  H.    Forecasting  Weather Svo, 

Sheldon,  S.,  and  Hausmann,  E.    Direct  Current  Machines lamo, 

Alternating  Current  Machines luno, 

Sheldon,  S.,  and  Hausmann,  E.     Electric  Traction  and  Transmission 

Engineering iimo, 

SheritF,  F.  F.     Oil  Merchants'  Manual iimo, 

Shields,  J.  E.    Rotes  on  Engineering  Construction.  . iimo, 

Shreve,  S.  H.    Strength  of  Bridges  and  Roofs Svo, 

Shunk,  W.  F.     The  Field  Engineer .  , i2fflo,  morocco, 

Simmons,  W.  H.,  and  Appleton,  H.  A.    Handbook  of  Soap  Mannfacture. 

Svo, 
Simmons,  V.  H.,  and  Mitchell,  C.  A.    Edible  Pats  and  Oils  ....     Svo, 

Simms,  F.  W.    The  Principles  and  Practice  of  Levelling Svo, 

—  Practical  Tunneling. .  ,    Svo, 

Simpson,  G.    The  Naval  Cnostruclor iimo,morroco, 

Simpson,  W.    Foundations Svo  (In  Press.) 
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Development  of  tho  Locomotive  Bo^s..  .Svo,  bait  leather, 

Twentietl)  Centarj  LocomotlTe Sto,  bait  leather, 

SindaU,  R.  W.,  and  Bacon,  W.  N.    The  Testing  of  Wood  Pulp 8vo, 

Sindall,  R.  W.    Hamifactore  of  Paper.     (Wesmtinater  Series.) 8vo, 

Sloane,  T.  O'C.    Blemeatary  Electrical  Calculations lamo. 

Smith,  C.  A.  M.    Handbook  of  Teating,  MATERIALS Svo, 

Smith,  C.  A.  M.,  and  Waireo,  A,  O.    Nev  Steam  Tables Sro, 

Smitii,  C.  F.    Practical  Alternating  Cnnents  and  Testing Sro, 

Practical  Testing  of  Djnamos  and  Motors 8vo, 

SmiQi,  F.  E.    Handbook  of  General  Inatructton  for  Mechudcs . . .  ismo, 

Smia,  J.  C.    Manufacture  of  Paint 8to, 

Paint  and  Painting  Defects 

Snidi,  R.  H.    Princiides  of  Machine  Work lamo, 

Elanenta  of  Machine  Woife lamo, 

Smith,  W.    Chemistry  of  Bat  Mannfactntiag iimo, 

SneU,    A.    T.    Electric    Motive  Power Sro, 

Snow,W.G.    Pocketbookcrf  Steam  Heating  and  Ventilation.    (In  Prat.) 
Snow,  W.  G.,  and  Nolan,  T.    Vntilatlon  of  Buildings.    (Science  Series 

No.  5.) i6nio, 

Soddy,  P.    Radioactivity 8vo, 

Solomon,  H.    Electric  Lamps.     (Westminster  Series.) 8*0, 

Sothem,  J.  W.    The  Marine  Steam  Turbine Svo, 

Sonthcombe,  J.  B.    Chemistry  of  the  Oil  Industries.    (Outiinea  of  In- 
■). 


Sodilet,  D.  H.    Dyeing  and  Staining  HaiUe.    Trans,  by  A.  Morris  and 

H.  Robson Svo, 

Spang,  H.W.    A  Practical  Treatisa  on  Lightning  Protection lamo, 

Spangenbnrg,  L.    Fatigue  of  Metals.    Translated  by  S.  H.  Shreve. 

(Science  Series  No.  33.) i6ino, 

Specht,  O.  J.,  Hardy,  A.  S.,  MeMaster,  J.  B.,  and  Walling.   Topographical 

Snrveylng.     (Science  Series  No.  7a.) i6mo, 

Speyws,  C.  L.    Text-book  of  Physical  Chemistry Svo, 

Stahl,  A.  W.    Transmission  of  Power.     (Science  Series  No.  aS.)  .i6mo, 

Stahl,  A.  W.,  and  Woods,  A.  T.    Elementary  Mechanism iimo, 

Staley,  C,  and  Pierson,  G.  S.    The  Separate  System  of  Sewerage. ,  .Svo, 

Standage,  H.  C.    Laatherworkers'  Manual Svo, 

SeaUng  Waxes,  Wafers,  and  Other  Adhesives Svo, 

Agglutinanta  of  all  Kinds  for  all  Purposes lamo, 

Stansbie,  J.  H.    Iron  and  Steel.     (Westimnster  Series.) Svo, 

Steadman,  F.  M.     Unit  Ptiotogiaphy  and  Actinometiy (In  Press.) 

Steinman,  D.  B.     Suspension  Bridges  and  Cantilevers.    (Science  Series 

No.  137.) 

Stsvens,  H.  P.    Paper  Mill  Chemist 

Stevenson,  J.  L.    Blast-Furnace  Calculations ismo,  leattier, 

Stewart,  A.    Modem  Polyphase  Machinery 

Stewart,  G.    Modem  Steam  Traps 

Stiles,  A.    Tables  for  Field  Enpneers 

StiUman,  P.    Steam-engine  Indicator lamo, 

Stodola,  A.    Steam  Turbines.    Trans,  by  L.  C.  Loewenstetn . 

Stone,  H.    The  Timbers  of  Commerce Svo, 

Stone,  Gen.  R.    New  Roads  and  Road  Laws 
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Stapes,  H.    Aatimt  Plants 8»o,  •»  w> 

The  Stndy  of  Plant  Life Sro,  *3  oo 

Stumpf,  Prof.    Una-Flow  of  Steun  Engine 4to,  *3  50 

Sudborough,  J.  J.,  and  James,  T.  C.    Practical  Orgtnk  Chemistry. .  lamo,  *3  00 

Suffling,  E.  R.    Treatise  on  the  Ait  of  Glass  Paintiiig Svo,  *3  50 

Situate,  A.    Elements  of  Eogineering  Estimatinf; iimo,  *i  50 

Swan,  K.    Patents,  Designs  and  Trade  Marks.     (Westminster  Series.). 

8to,  *2  00 

Sweet,  S.  H.    Special  Report  on  Coal 8vo,  3  00 

Swinburne,  J.,  Wordinghain,  C.  H.,  and  Martin,  T.  C.    Electric  Currents. 

(Science  Series  Ho.  109,) i6nH>,  o  so 

Swoope,  C.  W.    Lessons  in  Itectical  Electricity tamo,  *a  00 

Toilf er,  L.    Bleaching  Linen  and  Cotton  Yam  and  Fabrics Sto,  '5  00 

Tate,  J.  S.    Surcharged  and  Different  Fonus  of  Retoinlng-walls.    (Sdence 

Serie  i  Mo.  7.) i6nK),  o  50 

Taylor,  B.  N.    Small  Water  Supplies iimo,  *i  oo 

Templeton,  W.    Practical  Mechanic's  Woikdiop  Companion. 


Teny,  H.  L.    Lidia  Rubber  and  its  Manufacture.    (Westminster  Series.) 

Sto,  *3  00 
Thayer,  B.  R.    Structural  Design.     Sto. 

Vol.     I.    Elements  of  Structural  Design *i  00 

Vol.   n.     Design  of  Simple  Structures (In  Preparalion.) 

Vol.  in.    Design  of  Advanced  Structures (In  Preparation.) 

Thiess,  J.  B.,  sad  Joy,  G.  A.    Toll  Telephone  Practice 8to,  '3  50 

Thorn,  C,  and  Jones,  W.  H.     Telegrvphic  Connections — oblong,  iimo,  i  50 

Thomas,  C.  W.    Paper-makers'  Handbook (In  Prew.) 

Thompson,  A.  B.    Oil  Fields  of  Russia 4I0,  "7  50 

Petroleum  Mining  and  Oil  Field  Development 8vo,  *s  00 

Thompson,  S.  P.    Dynamo  Electric  Machines.     (Science  Series  No.  75.) 

i6fflo,  o  50 

Thompson,  W.  P.    Handbook  of  Patent  Law  of  All  Countries r6mo,  i  50 

Thomson,  G.  S.    Milk  and  Cream  Testing . lamo,  *i  75 

Modem  Sanitary  Engineering,  Honse  Drainage,  etc Svo,  *}  00 

Thomley,  T.    Cotton  Combing  Machines Svo,  '3  oo 

Cotton  Waste 8vo,  '3  00 

Cotton  Spinning.    8*0. 

First  Year 'i  50 

Second  Year '2  So 

Third  Year **  5* 

Thurso,  J.  W.    Modem  Tnrtnne  PracUca Sro,  '4  00 

Hdy.C.MeymotL     Treatment  of  Sewage.     (Sdence  Seriea  No.  94.) i6mo,  o  50 
Tillmans,   J.    Water  Purification  and  Sewage  Diq>osaL    Trans,  by 

Hugh  S.  Taylor »w», 

Tloney,  W.  H.    Gold-mining  Machinery Svo,  *3  00 

Titherley,  A.  W.    Laboratory  Course  of  Organic  CtaemisKy 8to,  *3  00 

Toch,  M.     Chemistry  and  Technologr  of  Mixed  Paints Svo,  *j  00 

Materials  for  Peimaoent  Painting lamo,  *3  00 

Todd,  J.,  and  WhaU,  W.  B.    Practical  Seamanship 8vo,  *^  50 

Toage,  J.    Coal.     (Westminster  Series.) Sro,  *a  00 
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Townsend,  F.    Altematiiis  Cnrrenl  Engmeerins 8vo,  boards,  *o  75 

Townsend,  J.    Ionization  of  Oues  if  Collision. 8to,  *i  as 

Transactions  of  the  American  Institute  of  Cbemical  Englnoen,    Sro. 

Vol.     I.     J908 "6  00 

Vol.   n.     1909 "6  00 

VoL  m.    1910 *i  00 

Vol.  IV.     1911 "6  00 

V<d.    V.    1913 •«  00 

TntTerse  Tables.     (Science  Series  No.  115.) i6mo,  o  50 

morocco,  i  00 
Trinks,  W.,  and  Housom,  C.    Shaft  Governors.     (Science  Series  No.  1 33.) 

161D0,  o  50 

Trowbridge,  W.  P.    Turbine  Wheels.     (Science  Series  No.  44.) . .  i6mo,  o  50 

Tucker,  J.  H.     A  Hanoal  of  Sngar  AnalTsis Svo,  3  50 

Tmmer,  P.  A.    Treatise  on  RoU-tumint;.    Trans,  bj  J.  B.  Pearse. 

Svo,  text  and  folio  atlas,  10  00 
Tumbull,  Jr.,  J.,  and  Robinson,  S.  W.    A  Treatise  on  the  Compound 

Steam-engine.     (Sdence  Series  No.  8.) ifimo, 

Ttnrill,  S.  M.    Elementary  Course  in  Perspectire timo,  *i  35 

UndeiliUl,  C.  R.     Solenoids,  Electromagnets  and  Electromagnetie  'KHnd- 

Urqnhart,  J.  W.    Electric  Li^t  Fitting lamo,  3  00 

■ Electro-plating ismo,  3  00 

Electro^lng lamo,  a  00 

Electric  Ship  Lighting ismo,  3  00 

Usbome,  P.  O.  O.    Design  of  Simple  Steel  Bridges 8to,  V  00 

Vacber,  P.    Pood  Inspector's  Handbook lamo,  *3  50 

Van  Noslrand's  Chemical  AnnuaL    Second  issue  1909 ismo,  *3  50 

YearBook  of  Mechanical  Engineering  Data.   First  Issue  1913 (fn  Pmt.) 

Van  Wagenen,  T.  F.    Manual  of  Hydraulic  Mining i6mo,  I  00 

V^a,  Baron  Von.    Logaridunic  Tables 8to,  cloth,  3  oo 

half  morroco,  >  so 
milon,  A.  M.    Practical  Treatise  on  tiio  LeaOier  Industry.    Trans,  by 

F.  T.  Addyman Svo,  'lo  00 

Vincent,  C.    Ammonia  and  its  Compounds.    Trans.byM.  J.  Salter. 8to,  *a  00 

Volk,  C.    Haulage  and  Ending  Appliances 8to,  *4  00 

Von  Georgievics,  Q.    Chemical  Technology  of  Textile  Fibres.    Trans. 

by  C.  Salter 8vo,  '4  50 

Chemistry  of  Dyestuffs.    Trans,  by  C.  Salter 8to,  '4  50 

Vose,  G.  L.    Graphic  Method  for  Solving  Certain  Questions  in  AriAmetic 

and  Algebra      (Sdence  Series  No.  16.) i6mo,  o  50 

Wabner,  R.    Ventilation  In  Mines.    Trans,  by  C.  Salter Svo,  *«  50 

Wade,  E.  J.    Secondary  Batteries Svo,  *4  00 

Wadmore,  T.  M.    Elementary  Chemical  Theory i3nio,  *i  50 

'Wadsvortii,  C.    Primary  Battery  Ignition lamo,  *o  50 

Wagner,  E.    Preserving  Fruits,  Vegetables,  and  Meat i3mo,  *a  50 

Waldram,  P.  J.    Principles  of  Structural  Mechanics ismo,  *3  00 

Walker,  P.    Aerial  Narigatlon. Svo,  a  00 

Dynamo  Building.     (Science  Series  No.  98.) itimo,  o  SO 
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Walker,  F.    Electric  Lighting  for  Harine  EoginMn Svo,  a  oo 

Walker,  S.  F.    Steam  Boilers,  Engines  and  Turblnea 8vo,  3  00 

Refrigeration,  Heating  and  VentUation  on  Siipbaard lamo,  *i  00 

Electridt;  in  Mining 8»o,  '3  50 

Wallis-Tayler,  A.J.    Bearinga  and  Lubrication 8vo,  *i  50 

Aerial  or  Wire  Ropewt^s 8to,  *j  00 

Motor  Cars 8to,  i  80 

Motor  Vehicles  for  Buainflss  PurposM 8to,  3  50 

Wallis-Tayler,  A.  J.    PockatBookof  Refrigerattonandlce  Making. lamo,  i  so' 

- —  Refrigeration,  Cold  Storage  and  Ice-Making 8ro,  *4  S« 

Sugar  Hachinerj umo,  *a  00 

Wanklfn,  J.  A.    Water  Analjais iimo,  a  00 

Waiubroiigh,  W.  D.    The  A  B  C  of  llie  DiSenntial  Calcnlna ramo,  *i  50 

Slide  Valves lamo,  *t  00 

Ward,  J.  H.    Steam  for  the  HilUon »n,  i  oo 

Waring,  Jr., G. E.    Sanltarf  Conditiona.     (Science  Series  Ho.  31.}-. lAmo,  050 

Sewerage  and  Land  Drainage •*  00 

Waring,  Jr.,  G.  E.    Modem  Methoda  of  Semga  Disposal tamo,  3  00 

How  to  Drain  a  House lamo,  t  15 

Warren,  F.  D.    Handbook  on  Reinforced  Concrete iimo,  *a  50 

WatUns,  A.    Pbotography,    (Westmfauter  S«ries.) 8*0,  *2  00 

Watson,  E.  P.    Small  Engines  and  Boilers lamo,  i  as 

Watt,  A.    Electro-platiiig  and  Eloctro-ieflolng  of  Hetab 8to,  *4  50 

Electro-mstalluigy timo,  i  00 

■         The  Art  of  Soap-makinf 8vo,  3  00 

— -~  Leather  Manufacture Svo,  *4  00 

Paper-Making &vo,  3  00 

Weale,  J.    Dictionary  of  Terms  Used  in  Architecture lamo,  a  50 

Weale's  Scientific  and  Technical  Series.     (Com^te  list  sent  on  ap^ica- 

Weather  and  Weather  Instruments ramo,  i  00 

paper,  o  50 

Webb,  H.  L.    Guide  to  the  Testing  of  Insulated  Wires  and  Cables.  .lamo,  i  oo 

Webber,  W.  H.  Y.    Town  Gas.     (Westminster  Series.) 8to,  *a  oo 

Weisbacb,  J.    A  Manual  ol  Theoretical  Mechanic! 8to,  *6  00 

sheep,  •?  50 

Weisbach,  J.,  and  Herrmann,  6.    Mechanics  of  Air  Machinery 8vo,  *3  7s 

Welch,  W.    Correct  Lettering (In  Press.) 

Weston,  E.  B.    Loss  of  Head  Due  to  Friction  of  Water  In  Pipes  . . .  lamo,  *i  50 

Weymouth,  F.  M.    Drum  Armatures  and  Commutators 8vo,  '3  00 

Wheatley,  O.    Ornamental  Cement  Work (In  Prtu.) 

Wheeler,  J.  B.    Art  ol  War limo,  i  75 

Field  Fortifications iimo,  r  73 

Whipple,  S.    An  Elementary  and  Practical  Troatiae  on  Bridge  Building. 

8va,  3  00 

White,  A.  T.    Toothed  Gearing lanio,  'i  a^ 

Whitfaard,  P.    Illuminating  and  Missal  Painting lamo,  i  50 

Wilcox,  R.M.    Cantilever  Bridges.     (Science  Series  Ho.  as.) i6mo,  030 

mida,  H.    Steam  TurUnea.    Trans,  by  C.  Salter laato,  1  15 

Wilkinson,  H.  D.    Sntnnariiw  Cabls  Laying  and  Repairing gro,  *6  00 

WlUiama,  A.  D.,  Jr.,  and  BulcUnton,  R.  W.    The  Steam  Torbina.  ....(In  Pnt».) 
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VraSuoaon,  J.,  ud  BUckadder,  H.  Surrejlng Sto,  (/»  Pnu.) 

WiUianuon,  R.  S.    On  the  Dsa  of  the  Barometer 4to,  15  00 

Practical  Tables  In  Meteorolog;  and  Eypwmetei7 4to,  3  50 

WUlMQ,  F.  H.    Theoretical  and  Practical  Graphics 4to,  *4  00 

WUun,  F.  J.,  and  Heilbron,  L  H.    Chemical  Theory  and  Calculatloiu. 

lamO)  *i  00 

Wlmperis,  H.  E.    Internal  Combustioii  Engine 6vo,  *3  00 

Primer  of  Internal  Combnation  Engine lamo,  't  00 

-  Wlnchell,  H.  H.,  and  A.  S.    Elements  of  Optical  Hinaralocr 8to,  *3  go 

Winkler,  C,  and  Lnage,  G.     Handbook  of  Technical  Gaa-Analjala. .  Svo,  4  00 

Window,  A.    Stadia  Surrejing.     (Science  Series  Ho.  77.) i6mo,  o  50 

Wisser,  Lieut  J.  P.    Explosive  MateriaU.     (Science  Series  Ho.  70.). 

i6mo,  «  50 

Wisser,  Llsut.  J.  P.    Modern  Gun  Cotton.     (Science  Series  Ho.  89.)i6mo,  o  50 

Wood,  De  V.    Luminiferous  Aether.     (Science  Series  Ho.  8$.) i6mo,  o  50 

Worden,  E.  C.    The  nitrocellulose  Industry.     Two  Volumes Sro,  *io  00 

Cellulose  Acetate 8to,  (/n  Prna.) 

Wright,  A.  C.     Analysis  of  Oils  and  Allied  Substance* Svo,  *3  so 

Smple  Method  for  Testing  Painters'  Materials Svo,  *3  50 

Wright,  T.  W.    Design  of  a  Conden^og  Plant iimo,  *i  50 

Wright,  H.E.    Hand;  Book  for  Brewers. Sto,  *s  00 

Wrl^t,  J.    Testing,  Fault  FIndfaig,  etc,  for  Bremen.     (iDstallation 

Hannols  Series.) i6mo,  *o  50 

Wright,  T.  W.    Elements  of  Mechanics Svo,  *j  50 

Wright,  T.  W.,  and  Hayford,  J.  F.    Adjustment  of  Observatioiis. Svo,  '3  00 

Toung,  J.  E.    Electrical  Testing  tor  Telegraph  Engineers Svo,  *4  00 

Zahner,  R.    Transmis^on  of  Power.     (Science  Series  Ho.  40.) lemo, 

Zeidler,  J.,  and  Loslgarten,  J.    Electric  Arc  Lamps Svo,  *]  00 

Zeuner,  A.    Technical  Thermodynamics.    Trans,  by  J.  F.  Klein.    Two 

Volumes Svo,  "8  00 

Zimmer,  G.  F.    Mechanical  Handling  of  Material 4to,  *io  00 

Zipser,  J.    Textile  Raw  Materials.    Trans,  by  C.  Salter Svo,  "5  00 

Zu  Redden,  F.    Engineering  Workshop  Machines  and  Processes.    Trans. 

by  J.  A.  Davenport. Sto  *3  00 
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